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Resumen

Clostridioides difficile es una bacteria anaerobia que causa diarrea, principalmente en
personas que han recibido terapia con antibiéticos. La incidencia y la mortalidad de las
infecciones por C. difficile (ICD) han aumentado en las Gltimas décadas, en parte debido a la
propagacion mundial de cepas epidémicas, como las cepas ST01. Este grupo de aislamientos
pertenece al segundo de los ocho clados en los que se clasifica la poblacion global de C.
difficile conocida hasta la fecha, segun la técnica de tipificacion de secuencias multilocus
(MLST).

El Clado MLST 2 también incluye numerosas cepas distintas de STO1, que a pesar de su
estrecha relacion filogenética no se han asociado con brotes ni se han estudiado en detalle.
En este trabajo se realiz6 una revision narrativa de la literatura, para recopilar informacion
sobre las caracteristicas microbioldgicas, la epidemiologia y la presentacion clinica de tantos
miembros del Clado MLST 2 como fuera posible, con el objetivo de corroborar si el aumento
de la virulencia es un rasgo generalizado entre los miembros de este clado. Por otro lado,
dado que la capacidad diferencial de las cepas STO1 y no-STO1 para producir brotes y
enfermedades graves puede resultar de variaciones en la expresion de fenotipos asociados a
la virulencia, una segunda parte de esta tesis se dedicd a comparar experimentalmente siete
cepas del Clado 2 de 5 STs, aislados de pacientes con diarrea, con respecto a los fenotipos
relacionados con las etapas temprana, intermedia y tardia del desarrollo de la ICD. En detalle,
analizamos la adhesion de las esporas a células epiteliales colorrectales (CEC), la induccion
de la reaccién proinflamatoria mediada por SIpA, la movilidad y la formacién de
biopeliculas. Ademas, se estudiaron los niveles y la cinética de la sintesis de TcdB, sus
efectos citopaticos asociados y afinidad por diferentes dianas y, por tltimo, la susceptibilidad
de las suspensiones de esporas al desinfectante dicloroisocianurato de sodio (NaDCC).
Todas las cepas fueron similares en términos de adherencia de las esporas a CEC, movilidad,
capacidad de formacion de biopeliculas a las 24 y 72 h, y susceptibilidad de las esporas al
NaDCC. Por otro lado, aunque las cepas difirieron con respecto a su respuesta
proinflamatoria inducida por SlpA, capacidad de formacion de biopeliculas a las 120 h,
produccién de TcdB vy tipos de efectos citopaticos, las diferencias observadas no fueron
exclusivas de las cepas STOL.

En conjunto, la revision y los hallazgos experimentales indican que la mayor virulencia
mostrada por las cepas STOL in vivo es un fenotipo multifactorial y que la combinacién de
factores implicada sigue siendo esquiva.

viii



Abstract

Clostridioides difficile is an anaerobic bacterium that causes diarrhea, mainly in individuals
who have received antibiotic therapy. The incidence and mortality of C. difficile infections
(CDI) have increased over the last decades, in part due to the global spread of epidemic
strains, such as the STOL1 strains. This group of isolates belong to the second of the eight
clades into which the global C. difficile population known to date is classified, according to
the multilocus sequence typing technique (MLST).

The MLST Clade 2 also includes numerous non-STO1 strains, which despite their close
phylogenetic relationship have not been associated with outbreaks and studied in detail.

In this work, a narrative literature review was performed to gather information on the
microbiological features, epidemiology, and clinical presentation of as many MLST Clade 2
members as possible, aiming to corroborate whether increased virulence is indeed a
widespread trait among members of this clade. On the other hand, since the differential ability
of STO1 and non-STO1 strains to produce severe disease and outbreaks may result from
variations in the expression of virulence-associated phenotypes, a second part of this thesis
was devoted to experimentally compare seven Clade 2 strains from 5 STs, isolated from
patients with diarrhea, regarding phenotypes related to the early, intermediate, and late-stage
of CDI development. In detail, we analyzed the adhesion of spores to epithelial colorectal
cells (ECC), induction of SIpA-mediated pro-inflammatory reaction, motility, and biofilm
formation. In addition, we studied the levels and kinetics of TcdB synthesis, its associated
cytopathic effects, target affinities, and lastly, the susceptibility of spore suspensions to the
disinfectant sodium dichloroisocyanurate (NaDCC).

All strains were similar in terms of spore adherence to ECC, motility, biofilm formation
ability at 24 and 72 h, and NaDCC spore susceptibility. On the other hand, although the
strains did differ regarding their SIpA-induced proinflammatory response, biofilm formation
capability at 120 h, TcdB production, and types of cytopathic effects, the dissimilarities
observed were not exclusive of STO1 strains.

Altogether, the review and the experimental findings indicate that the higher virulence shown
by the STO1 strains in vivo is a multifactor phenotype and that the implicated combination of

factors remains elusive.
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1. Introduction

1.1 Stages in the pathogenesis of Clostridioides difficile infection (CDI)

C. difficile is a Gram-positive, anaerobic, spore-forming bacterium found in intestinal tracts
of animals and humans and the environment. This pathogen is a leading cause of antibiotic-
associated diarrhea, which ranges from mild to severe and can progress into life-threatening
complications such as pseudomembranous colitis, toxic megacolon, or even death [1-3].

C. difficile infection (CDI) initiates with the oral ingestion of spores, which reach the
intestinal environment of a host whose microbiota is structurally and functionally altered by
the action of antibiotics [4]. In this niche, spores adhere to epithelial cells and sense the
presence of primary bile acids and L-glycine, which in concert act as co-germinants and
prompt their germination process [5-7].

The flagella [8] and surface layer composed of SIpA [9] of the emerged vegetative cells
mediate their migration through the gut [8,10], adhesion to epithelial cells [5,11], and -at least
in vitro- biofilm formation, which facilitate the colonization process and provide the
necessary protection to stress factors [7,12,13].

Once a determined population density has been reached, the main C. difficile virulence
factors are expressed. Namely, the Rho-glycosylating toxins A (TcdA) and B (TcdB),
encoded by tcdA and tcdB within the so-called locus of pathogenicity (PaLoc) [14,15], and
in some cases also CDT, a binary ADP-ribosylating toxin located elsewhere in the
chromosome [15]. The biological outcome of intoxication with these effectors in the
intermediate CDI stage is the appearance of cellular alterations and a proinflammatory
immune response.

Late stages of CDI involve C. difficile growth, coverage of other areas of the intestinal tract,
and the beginning of a sporulation process [6]. During this stage, a considerable number of
genes are sequentially activated to induce the mother cell to generate a forespore that
undergoes metabolic and structural transformations resulting in resistance to environmental
factors [6,16,17]. Mature spores can adhere to or penetrate intestinal epithelial cells to foster
C. difficile persistence, or can be released into the environment through the host's stools

[6,17,18]. Spores are the vehicle of transmission of this pathogen by the fecal-oral route, are



highly contagious, can persist on diverse surfaces, and resist widely used disinfectants.
Consequently, they are problematic in healthcare settings [16].

Though the events associated with each CDI stage may overlap, this segmentation facilitates
the understanding of the infection and the study of different virulence factors expressed

during CDI, as we do in this work.

1.2 C. difficile typing techniques

C. difficile is distinguished by a high level of genotypic and phenotypic diversity. This high
diversity has prompted the development of several typing methods [19-22], which have been
exploited in concert to explore C. difficile phylogeny, population structure, epidemiology,
and transmission [22].

In the early 1980s only phenotypic techniques such as serotyping, autoradiography
polyacrylamide gel electrophoresis, and immunoblotting were available [19,23]. These
methods were replaced by genotype-based methods, as the latter are characterized by better
reproducibility, typeability, and discriminatory power [19,23].

The genotypic-based typing methods are classified according to their targets as band- or
sequence-based techniques. Among this subgroup, some of the most frequently used
techniques are pulsed-field gel electrophoresis (PFGE), PCR ribotyping, and multilocus
sequence typing (MLST) [19,20,23]. They classify C. difficile isolates in North-American
pulsed-field types (NAP), PCR ribotypes (RT), and sequence types (ST), respectively
[19,20,23].

Based on MLST, the known population of C. difficile is distributed in eight groups: Clades 1
to 5, plus the cryptic clades C-I, C-I1, and C-I111 [3,24]. Most of these clades include isolates
implicated in human CDI cases.

Clade 2 is particularly noteworthy as it includes the “hypervirulent” NAP1/RT027/ST01
strain [2,25], which has been implicated in outbreaks worldwide since the early 2000s [26]
and has been associated with more severe CDI cases as well as high recurrence and mortality
rates. However, this clade also includes other STs of less explored virulence that have been
isolated from clinical samples of infected patients, such as ST32, ST41, ST67, ST154, ST638
[2,21,27,28]. The predominance and epidemicity of the NAP1/STO1 strain motivated us to

corroborate whether increased virulence is an exclusive feature of this strain or a common



feature.

trait within the clade and the contribution of diverse virulence-related phenotypes to this

1.3 Previous evidence of virulence phenotypes in C. difficile MLST Clade 2 strains

In a pioneering study aiming to compare of the in vivo virulence potential of representatives

from STO1, ST41, ST67, and ST252, [29], our research group reported the following results:

Table 1. Biochemical markers and histopathological findings associated with CDI developed

in animal models upon infection/intoxication with various C. difficile MLST Clade 2 strains.

Parameter LIBA-5758 | LIBA-5757 | LIBA-2811 | LIBA-5809 | Negative
(ST01) (ST67) (ST41) (ST252) control
< | Weight/length (mg/cm) 69 40 37 33 25
g MPO activity (U/100 2.6 1.8 0.9 0.8 0.2
E_ mg tissue)
9 TNF-a (pg/mL) 68 84 56 8 18
3 IL-1B (pg/mL) 510 225 270 200 50
2 IL-6 (pg/mL) 450 440 470 355 150
£ | Inflammation (HS) 4 4 1 1 0
3 Edema (HS) 3 2 3 2 1
Epithelial damage (HS) 3 3 0 0 0
Survival percentage 0/4 30/7 30/7 100/12 100/12
(%)/day
Neutrophil count (%) 55 45 33 34 35
Lymphocyte count (%) 40 52 62 60 61
3 Monocyte count (%) 3 2 3 2 2
]
g Creatinine (mg/dL) 0.31 0.21 0.18 0.16 0.22
2 Albumin (g/dL) 2.4 3 2.9 22 2.9
2 Blood urea nitrogen 27 22 23 21 17
g (mg/dL)
* Alanine amino- 120 65 50 62 52
transferase (U/L)
Aspartate amino- 130 210 200 85 95
transferase (U/L)
Lactate dehydrogenase 710 800 620 280 300
(U/L)
Inflammation (HS) 3 1 1 1 0
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Epithelial damage (HS)

HS: Histopathological score scale that ranges from 0 (absence of alterations) to 4 (severe)
[29].

Altogether, these results categorically demonstrate that the STO1 strain shows higher
virulence in mice and hamsters compared to the non-STO1 strains. However, the factors that
differentiate it from the other STs and explain this apparent “hypervirulence” have not been

determined. This gap in knowledge is the rationale behind this work.

2. Thesis outline

This thesis is structured in two chapters. Chapter 1 corresponds to a narrative literature review
in which STs from the MLST Clade 2 of C. difficile are compared regarding their
microbiological features, epidemiology, and clinical presentations. Chapter 2, in turn,
summarizes the results of in vitro experiments representing different stages in the
pathogenesis of CDI, such as the determination of spore adherence to epithelial cells (initial
stage), characterization of SIpA and the immune response that it induces, quantitation of
motility and biofilm formation capacity, toxin production and their associated cellular
alterations (middle stages), and the study of the resistance of spores to sodium

dichloroisocyanurate (late stages).

2.1 Justification

The C. difficile MLST Clade 2 includes the STO1 strain, which has caused outbreaks in
different parts of the world, including Costa Rica [30]. These strains are associated with
increased infection rates, severity, and mortality [31].

Other STs belonging to the same “hypervirulent clade" have been isolated from samples of
patients admitted in Costa Rican hospitals. They have not been implicated in outbreaks but
induce CDI symptomatology in infected individuals.

A comparative study of virulence factors expressed by ST01 and non-STO1 strains at various
CDI development stages, has the potential to identify key factors involved in the increased
virulence that distinguished the former group of isolates. This knowledge has potential

diagnostic and therapeutic applications.




2.2 Hypothesis

Compared to non-STO1 strains from the C. difficile MLST Clade 2, STO1 isolates produce
spores with higher adherence to epithelial colorectal cells, SIpA that induces higher levels of
pro-inflammatory cytokines. Besides, they also show increased motility and biofilm
formation capacity, hypersecretion of toxin B with high cytopathic potential, and spores

distinguished by a higher level of resistance to disinfectants.

2.3 Objectives

2.3.1 Main objective

To determine virulence-associated phenotypes related to the establishment of the CDI, the
pathogenic potential, and the dissemination capacity of STO1 and non-STO1 strains of the C.
difficile MLST Clade 2, to identify factors that explain the increased virulence and epidemic

nature of the STO1 strain.

2.3.2 Specific objectives

e To study different strains from the C. difficile MLST Clade 2 regarding their spore
adherence to epithelial colorectal cells, expression of SIpA, and its effect on the host's
immune response. Also, to compare their colonization capacity through assessment
of their motility and biofilm formation ability.

e To determine whether the level of TcdB secretion in different strains from the MLST
Clade 2, as well as their glycosylation profile, correlate with their in vivo virulence
potential.

e To estimate the persistence and dissemination capacity of different strains from the
MLST Clade 2 by exploring the resistance of their spores to the disinfectant sodium

dichloroisocyanurate.



3. Chapter I. Literature review: ""Microbiological features, epidemiology, and clinical
presentation of Clostridioides difficile strains from MLST Clade 2: a narrative
review".

Published in Anaerobe, doi: https://doi.org/10.1016/j.anaerobe.2021.102355
3.1 Abstract

Clostridioides difficile is an emerging One Health pathogen and a common etiologic agent
of diarrhea, both in healthcare settings and the community. This bacterial species is highly
diverse, and its global population has been classified in eight clades by multilocus sequence
typing (MLST). The C. difficile MLST Clade 2 includes the NAP1/RT027/STOL1 strain,
which is highly recognized due to its epidemicity and association with severe disease
presentation and mortality. By contrast, the remaining 83 sequence types (STs) that compose
this clade have received much less attention. In response to this shortcoming, we reviewed
articles published in English between 1999 and 2020 and collected information for 27 Clade
2 STs, with an emphasis on STs 01, 67, 41 and 188/231/365. Our analysis provides evidence
of large phenotypic differences that preclude support of the rather widespread notion that
STO1 and Clade 2 strains are “hypervirulent”. Moreover, it revealed a profound lack of
(meta)data for nearly 70% of the Clade 2 STs that have been identified in surveillance efforts.
Targeted studies aiming to relate wet-lab and bioinformatics results to patient and clinical
parameters should be performed to gain a more in-depth insight into the biology of this

intriguing group of C. difficile isolates.

3.2 Introduction

Clostridioides difficile is a Gram-positive, strictly anaerobic, spore-forming bacterium, and
a leading cause of antibiotic-associated diarrhea worldwide [32,33]. C. difficile infection
(CDI) is defined by the presence of diarrhea, which varies from mild to severe, and either by
detection of C. difficile toxins in stool samples or pseudomembranous colitis in a
colonoscopy or histopathologic studies [34]. Other potential complications of CDI include

toxic megacolon or even death [35].

CDI typically develops among hospital patients with risk factors beyond receiving antibiotic

therapy, such as older age, exposure to health care centers, and comorbidities such as



inflammatory bowel disease and immunodeficiency, among others [36]. However, the
epidemiology of CDI is changing, and a growing number of community-acquired (CA) cases
have been seen among individuals considered to be at low-risk, including young adults and
children [37]. Furthermore, many CDI cases now show more severe symptoms and require
more prolonged hospitalizations; hence the burden of this disease on health systems

continues to increase [36,38].

The major virulence factors of C. difficile are toxins TcdA and TcdB, which belong to the
large clostridial glycosylating toxin family. Both toxins play a role in symptom development
[14,15]. Nonetheless, as demonstrated by assays in animal models, only TcdB seems to be
essential for virulence [39]. Other proteins, such as the surface layer protein (SIpA), cell wall
protein 84 (Cwp84), flagellar components, and the binary toxin CDT, have also been shown

to play roles in CDI pathogenesis [13,40].

Comparative analyses of global collections of C. difficile whole genome sequences have
demonstrated that TcdB is much more diverse than TcdA (12 vs. 7 protein sequence
subtypes), possibly as a result of a higher mutation rate or distinct recombination and lateral
gene transfer events in the former protein [41,42]. Both genes appear to be under purifying

selection, although tcdB shows more positively selected sites [41,42].

TcdB variants differ in their biological features, immunoactivities, and potential
pathogenicity, and this heterogeneity correlates with the severity of clinical outcomes during
CDI progression. Depending on the sequence of its glycosyltransferase domain (GTD),
which influences toxins functionalities and target affinities, TcdB can induce two types of
cytopathic effects (CPE): a classical, arborizing, CPE in which cells develop neurite-like
protrusions and remain attached to cell culture plates [43], or a TcsL-like effect that is

characterized by cell rounding and clumping and surface detachment [43,44].

Together with polymorphisms in toxin alleles, strain differences in virulence have been
traced to antimicrobial resistance patterns [45], spore production and germination capabilities
[6], and recently to phase-variable signal transduction systems [46], c-di-GMP levels [47],

and the production of alarmones [48], among other factors.



The high diversity that distinguishes this species has encouraged the implementation of
various typing techniques, some of which have proven useful in epidemiological
investigations and the identification of strains with unique biological properties [23,49].

The first C. difficile typing techniques were based on phenotypic traits. However, they
suffered from low discriminatory power and reproducibility and were replaced by genotypic

approaches.

Genotypic typing methods can be classified according to the nature of their targets and as to
whether they are band- or sequence-based (Table 2). Whereas pulsed-field gel
electrophoresis (PFGE) is frequently used in North America, PCR ribotyping is the most
frequently used C. difficile genotyping method in Europe. Multilocus sequence typing
(MLST) is more suitable for evolutionary studies, outbreak detection, and transmission or

population structure studies [20].

Table 2. C. difficile genotyping techniques (Modified from Killgore 2008, Knetsch 2013,
and Janezic 2019).

Technique Target
Restriction  endonuclease | . o
analysis (REA) HindlI1 restriction sites
Pulsed-field gel -
electrophoresis (PFGE) Smal restriction sites

Band-based i ; :
PCR ribotyping 165_ 23S intergenic spacer
regions
Multilocus variable-number
tandem-repeat analysis | DNA repeat units

(MLVA)

Intragenic sequences of 7
adk, atpA, dxr, glyA, recA,
sodA, and tpi

Multilocus sequence typing
(MLST)

Sequence-based

Non-repetitive genes
conserved in all members of
a species

Core genome MLST
(cgMLST)




Accessory and core genes,
including repetitive genes
and pseudogenes

Whole genome  MLST
(WgMLST)

MLST allows isolate discrimination through sequencing of 405-500 bp DNA fragments of
seven or eight housekeeping genes (for C. difficile, seven gene fragments, total length 3501
bp). The obtained sequences are compared with reference sequences uploaded to internet-
accessible MLST databases (https://pubmlist.org/organisms/clostridioides-difficile/) and
used to generate allelic profiles composed of allele numbers assigned to sequence variants of
a given locus. Each unique allele profile is assigned a sequence type number that is stored in

the database to facilitate interlaboratory comparison [20,49].

As indicated by MLST, the known population of C. difficile can be distributed in eight clades
(clades 1 to 5, plus clades C-I, C-11, and C-111) [24,49]. Whereas isolates from clades 1-5 are
more often associated with humans [21,22], the so-called cryptic clades C-I to C-111 mainly
include non-toxigenic isolates from the environment [24] and, to a lesser extent, toxigenic
strains implicated in CDI [30]. New STs with different host affinities, ecological adaptations,

and virulence potentials are continually being identified.

According to a globally-optimized eBURST cluster analysis [50], the C. difficile MLST
Clade 2 comprises 84 STs distributed in 15 clonal complexes (Figures 1 and 2). It includes
the highly recognized NAP1/027/STO1 strain, and for this reason, it has been repeatedly
referred to as the “hypervirulent clade” [2,25] although the virulence and pathogenicity
potential of most non-NAP1/027/STO1 strains are poorly understood or unknown. To
corroborate whether increased virulence is indeed a widespread trait among members of this
clade, we compared in this review microbiological, epidemiological and, clinical features of

various C. difficile Clade 2 sequence types (STs).
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Figure 1. Maximum likelihood phylogenetic tree for 84 sequence types (STs) assigned to the
C. difficile MLST Clade 2. The tree was generated from an alignment of concatenated DNA
allele sequences from the Griffiths scheme that were downloaded from PubMLST.
Sequences identifiers include ST and clade. Alignment disagreements to STO1 (black) appear
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as vertical black bars. The combined allele sequence of ST42 from Clade 1 was used to root

the tree.
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Figure 2. As indicated by a goeBURST analysis performed with Phyloviz2, the C. difficile
MLST Clade 2 is composed of 15 clonal complexes. Most STs belong to clonal complex 0
(n=62).

3.3 Search strategy

We collected scientific articles published between 1999 and 2020 in English from the Google
Scholar, JSTOR, Scopus, and PubMed databases using keywords such as “C. difficile
MLST”, “C. difficile Clade 27, “C. difficile ST01”, “C. difficile ST67”, “C. difficile ST41”,
“C. difficile typing techniques”, “C. difficile transmission”, “C. difficile antibiotic-
resistance”, “C. difficile toxins”, “C. difficile emergent sequence types”. A total of 31

publications were selected to elaborate elementary aspects of C. difficile, including its main
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virulence factors, CDI pathogenesis, epidemiology, typing techniques and, phylogenetic
classification. The number of publications obtained for each ST differed, with a marked
predominance of studies on the STO1 strain (n=40). This figure was followed by papers on
ST67 and ST41 (ca. 20 publications for each one). Information for STs 188/231/365 was
even more scarce (less than 10 publications). A few STs, such as ST62, ST95, ST97, ST114,
ST123, ST154, ST192, ST223, ST229, ST264, and ST461-464, have only been analyzed
with regards to their virulence factors and origins. No information was found for 55 Clade 2
STs.

3.4 Results

3.4.1ST01

Microbiological features

STO1 is by far the best-described Clade 2 member. STO1 strains have been reported to
overproduce toxins TcdA and TcdB subtype 2 (TcdB2) in vitro [41,51,52], arguably as a
result of an 18bp deletion and a single-base-pair deletion at position 117 in the gene for the
transcriptional regulator TcdC [52,53]. Strains from this ST have been linked to 3- to 23-fold
higher titers than those of the main hospital strains, according to results derived from Swedish
[31] and Canadian studies [54]. However, other authors have claimed that the toxin levels
produced in vitro by STO1 isolates and bacteria classified to other STs did not differ [55] or
that toxin titers were similar but maintained for a longer period of time in the former group
of isolates [56]. Whatever the case might be, these results may not be representative of

intestinal conditions [57].

Cell cultures inoculated with TcdA and TcdB from STO1 strains develop a classic arborizing
CPE due to glycosylation of the small guanosine triphosphatases (GTPases) RhoA, Racl,
Cdc42, and, to a much lesser extent, of Rap and R-Ras [58]. This morphological change is
caused by disaggregation of adaptor proteins, such as vinculin and talin, which trigger the
disassembly of stress fibers at focal adhesions [43,59]. TcdA inactivates focal adhesion
kinase (FAK) and vinculin by direct contact with Src, inhibiting its kinase activity through a

glucosyltransferase activity-independent mechanism [59].
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STO1 TcdA and TcdB show increased cytopathic activity. This feature has been attributed to
a rapid release of enzymatically active domains into the cell cytosol due to efficient auto-
processing [58,60]. Also, STO1 strains synthesize CDT, a member of the lota family of binary
toxins that acts on monomeric globular actin inside epithelial cells, triggering actin
cytoskeletal collapse and protrusion of a network of microtubules on the surface of host cells.

This structural modification enhances C. difficile adherence [61].

An additional factor that presumably contributes to the spread and increased incidence of the
STO1 strain is its resistance to fluoroquinolones (FQ) due to a Thre82lle substitution in the
amino acid sequence of the DNA gyrase GyrA [62]. This mutation has been implicated in
the transcontinental dissemination of two FQ-resistant STO1 sub-lineages [63]. Other
reported mutations related to antibiotic resistance in this ST include a double substitution in
the RNA polymerase RpoB (for rifampicin-resistance) and substitutions Glul17Lys and
Pro538Leu in the elongation factor G (FusG) for resistance to fusidic acid [63,64]. Some
STO1 strains are also resistant to clindamycin, tetracycline, and linezolid due to the
acquisition of mobile genetic elements (MGESs) containing erm(B), tetM, and cfr(B) genes,

respectively [64,65].

Genomic analyses have revealed that the evolution of STO1 strains is mainly driven by core
genome mutations, rather than by homologous recombination [66,67]. Most of these
nucleotide substitutions correspond to nonsynonymous single nucleotide polymorphisms

(SNPs) in genes for virulence traits or antibiotic resistance [64,67].

Competition studies between ST01, ST02, ST03, and STO08 strains in human fecal bioreactors
and a mice model have assigned an increased ecological fitness to STO1 [68]. The exact
mechanisms behind this trait are unclear, though it is highly probable that they include an
improved ability to compete for limiting nutrients [68]. In this regard, STO1 strains show an
SNP in the gene for the trehalose repressor protein TreR (L1721), which confers them the
capacity to metabolize low concentrations of trehalose under starvation conditions and

increases TcdB production in the presence of this disaccharide [69].

The high sporulation rate of STO1 strains [66] is also a factor to consider, as it likely favors

their transmission between patients and from contaminated environments [31,55]. STO1
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spores are not only abundant but also highly resistant to stressful environmental conditions
and widely used disinfectants, such as quaternary ammonium compounds (benzalkonium
chloride) and biguanides (chlorhexidine gluconate), and on a smaller scale to chlorine

releasing agents (sodium dichloroisocyanurate) [16].

Epidemiology

STO1 strains gained notoriety in the early 2000s when the number of CDI cases in North
America, England, and Europe increased dramatically [51,70,71]. More recently, they have
continued causing CDI outbreaks of high severity and mortality in healthcare centers from
not only those regions, but also in Latin American countries such as Mexico [72], Honduras
[65], Costa Rica [30], Panama [73], and Chile [74].

Besides causing disease in elderly hospitalized inpatient populations with multiple
comorbidities, STO1 strains can trigger CDI in children and young adults who have not been
received antibiotic therapy [37,75]. However, recent genomic studies have demonstrated that
this ST is predominantly nosocomial [76] and that outbreaks associated with it are majorly
clonal [51,66]. It should also be noted that patients exposed to FQ are up to 14 times more
likely to be affected by STOL1 strains than by others [77].

STO1 strains cause many CDI cases and consume more resources because some of them are
more likely to give rise to clinical complications [35]. Therefore, as recognized by the
diagnostics industry through the development and commercialization of multiple tests, their

specific detection improves patient management and CDI control [34,78].

European countries such as the Netherlands have implemented surveillance programs and
guidelines that include rapid detection of CDI cases, typing of implicated strains, responsible
use of antibiotics, hand hygiene education for hospital staff, disinfection protocols, protective
clothing use, and measures related to patient isolation [79]. As a result of these initiatives,
the prevalence of STO1 strains in several countries of this region has declined [71,79-81].

Clinical features:
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STO1 strains induce strong inflammatory reactions, including neutrophil infiltration and
increased myeloperoxidase activity in ileal tissue [77]. They also cause increased secretion
of interleukin-1p (IL-1pB), IL-6, and tumoral necrosis factor-o. (TNF-a), which in concert

trigger edema, substantial mucosal disruption, and diarrhea [77,82].

Some studies propose STO1 carriage as a predictor of patient outcome [34,83]. In this regard,
STO1 strains are frequently associated with increased disease severity, white blood cells
count >15,000 cell/mL, and serum creatinine levels >1.5 mg/dL [84]. Recurrence and
mortality rates during the first 30 days of CDI are also more frequent among patients infected
with STO1 strains than in those infected with other strains [77,85].

3.4.2ST67

Microbiological features

Similar to STO1 strains, ST67 isolates i) seem to overexpress tcdA and tcdB in vitro, ii) give
rise to elevated CPEso values, iii) carry CDT genes, and iv) present two types of deletions in
tcdC [58,86]. On the other hand, members of this ST can harbor either TcdB2 or TcdB4 [41].
Therefore, while some strains induce a classic arborizing CPE, others induce TcsL-like CPEs.
The GTD domain of TcdB4 resembles those of variant TcdBs (TcdBy) from TcdA™ strains
classified as ST37 [58,87]. This difference holds despite the otherwise high level of identity
in the PaLoc sequences of ST67 and STO1 strains, suggesting an ancestral recombination
event between STO01 and ST37 isolates [58]. To further argue that the PaLoc of ST67 strains
is variable, some authors have reported ST67 isolates with full-length TcdC sequences but
with an Asp7Glu substitution [88,89].

As opposed to TcdB2 (classical CPE, STO1 strains), TcdB4 modifies Racl, Cdc42, Rap, and
R-Ras GTPases but does not target RhoA [44,82]. This combined glycosylation profile
dismisses vinculin from focal adhesions and disrupts P3-integrin and tyrosine-
phosphorylated proteins at cell-to-cell contacts [44]. In addition, R-Ras glycosylation triggers
integrin inactivation, leading to loss of adhesiveness to extracellular matrix proteins and

ultimately to cell detachment [44].
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Whereas some ST67 strains lack antibiotic resistance-associated SNPs in gyrA and gyrB and
display an FQ-susceptible phenotype [58,88], others carry the Thre82lle substitution in gyrA
that distinguishes epidemic STO1 strains [62,89]. This heterogeneity is also seen in their
antibiotic susceptibility profiles, as some ST67 strains differ concerning their categorization
as resistant or susceptible to metronidazole and vancomycin [88-90]. Most strains, however,

are susceptible to rifampicin, moxifloxacin, and clindamycin [88].

As with STO1 strains, the trehalose repressor protein TreR of ST67 strains shows an L172I
substitution. Therefore, it is anticipated that they would show an advantage over other
lineages in competition experiments, as well as increased CDI severity in animal models
[31,89].

Epidemiology:

Although ST67 strains have been referred to as “hypervirulent” [86], they are less often
recovered than STO1 strains. They have isolated in North America [21,91], Costa Rica [58],
Brazil [86], the United Kingdom [66], Finland [92], Thailand [93], and Japan [88,89], yet
their dispersion routes have not been explored.

They have been found both in older adults who received antibiotics in hospital settings
[88,90], as in individuals ranging from elderly to young from the community, including
children who received antibiotic therapy [89].

Clinical features:

In contrast to STO1 strains, a study in animal biomodels demonstrated that ST67 strains
prompt a mild or almost undetectable immune cell infiltration in ileal loops. Likewise, cell-
free culture supernatants from ST67 isolates induced low MPO activity in this type of tissue
and release of low amounts of IL-1pB, IL-6, and TNF-a by RAW macrophages [58]. The
strains from which these results were derived synthesize high levels of toxins in vitro, raising

intriguing questions about the pathogenesis of ST67 strains and of CDI in general.

Patients infected with ST67 strains suffer from abdominal pain, repeated vomiting, and mild

to severe diarrhea. Moreover, their blood tests show increased leucocyte counts and
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creatinine levels [89]. CDI cases attributed to ST67 strains can course with complications
such as ascites, ileus, and colonic dilations, pseudomembranous colitis, septic shock, and
toxic megacolon [89].

3.4.3ST41

Microbiological features

As with STO1 strains, ST41 strains synthesize TcdA, TcdB, and CDT [94], and display a
truncating mutation in tcdC at position 117 [95]. Some isolates, in addition, harbor an 18 bp
deletion in positions 316 to 333 of the same gene [96].

The tcdB products from ST41 strains can induce either a classical or a TcsL-like CPE
[58,96], depending on the presence of TcdB2 or TcdB4, respectively [41]. These opposing
features match the substantial difference at a whole-genome level that exists between ST01
and ST41 strains (ca. 10k SNPs) and the early divergence of ST41 from other Clade 2
lineages [87,94].

ST41 strains are susceptible to quinolones, moxifloxacin, ceftriaxone, metronidazole, and
vancomycin [87,94]. On the other hand, they show variable susceptibility to clindamycin, as
some isolates carry ermB [96]. As in STOL1 and ST67 strains, an L1721 substitution in the
trehalose repressor protein TreR have been reported among the ST41 strains [89].

Epidemiology:

ST41 was initially identified as a presumptive STO1 isolate, but further analyses
demonstrated that it constituted a separate ST and RT [97]. Though initially isolated in the
United States in 2004, ST41 isolates have also been found in South America, Europe, Asia
[93], and Australia [94,98], where they participated in a clonal outbreak that lasted from 2010
to 2012 [94]. This ST was also detected in New Zealand during a national survey in 2011[99]
and the United Kingdom in early 2012 [100].

Most current knowledge of the epidemiology and ecology of ST41 strains is derived from
investigations of isolates recovered in Australia, where it became highly prevalent [100], and
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from New Zealand [87,95,99]. In those studies, the majority of ST41 CDI cases were seen in
patients <65 years with no recent healthcare exposure [94], common risk factors, or
comorbidities, suggesting an unconfirmed, community-based source or reservoir such as root
vegetables contaminated with soil or contaminated food and animals [87,101]. One of these
strains was transported to the UK by a tourist who visited Australia, highlighting the

pathogenic and dissemination potential of ST41 strains [94].

Clinical features:

Patients infected with ST41 are likely to develop severe colitis, fever >38.5°C, white blood
cells count >15,000 cell/mL, elevated creatinine levels, and hemodynamic instability, among
others. Complications such as pseudomembranous colitis are not rare, as well as
abnormalities such as massive intestine distension, colonic wall thickening, and ascites [99].
Also, the mortality rates assigned to CDI cases by ST41 strains can be up to 13 times higher
than those recorded for non-ST41 strains [87,95].

3.4.4 STs 188/231/365

Microbiological features:

These STs correspond to RT251. They synthesize TcdA, TcdB2, CDT, and carry a wild type
tcdC [41,102,103]. All of them induce a classic cytopathic effect [102].

STs 188/231/365 share five/three/four of the seven MLST alleles with ST41 and STO1,
respectively, suggesting that they share some degree of evolutionary history [102,103].
Nonetheless, they are not identified in the clinics as STO1 and ST41 strains, possibly due to

their lack of polymorphisms in tcdC.

Despite their relatedness, STs 188, 231, and 365 differ concerning some phenotypic
characteristics. For instance, while ST188 and ST231 strains produce low toxin titers, ST365
toxin levels are comparable to those of STO1 isolates. This difference was explained by the
lack of sporulation recorded for ST365 through in vitro assays, possibly as a result of a lab

setting mutation [102]. Concerning germination and flagellar motility, in vitro assays
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demonstrated that the germination efficiency of STs 188/231/365 is lower than that of ST01
strains and that ST231 and ST365 isolates reach STO1 motility levels [102].

Isolates from STs 188/231/365 are susceptible to metronidazole, vancomycin, fidaxomicin,
rifaximin, amoxicillin-clavulanate, moxifloxacin, meropenem, and tetracycline. On the other
hand, ST231 has decreased susceptibility to clindamycin and erythromycin, related to the
presence of ermB on MGEs [102,103].

Epidemiology:

Although ST188 and ST365 isolates have been seen in North America [102], ST231 strains
have been mainly found in New Zealand and Australia, where they have caused severe CDI
cases [98,102]. Some ST 188/231/365 strains have been recovered from production animals
and meat for human consumption, suggesting that they can disseminate through
contaminated food [103,104].

ST231 strains have been found in elderly patients with several comorbidities but also in
young, previously healthy individuals with, or without, previous exposure to antibiotic
therapy that acquired CA-CDI [103].

Clinical features:

Similar to STO1 strains, ST231 strains caused diarrhea and weight loss, as well as colonic
and caecal tissue alterations, such as epithelial damage, crypt hyperplasia, and severe

inflammation (neutrophil influx and edema) in a murine model [103].

Human patients infected with ST231 strains suffer from multiple recurrences and also re-
infections with different strains. These CDI cases were characterized by the presence of
diarrhea and fever in association with abdominal pain and elevated white blood cell counts
and C-reactive protein concentrations. Some of them developed pseudomembranous colitis

and required colectomy [103].

Table 3 summarizes features that have been reported for STs 01, 67, 41, and 188/231/365.
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Table 3. Toxin gene profiles and genotypes implicated in antibiotic resistance reported for
STO1, ST67, ST41, and ST 188/231/365 strains (Taken from He 2012, Quesada-Gomez
2016, Hidalgo-Villeda 2018, Saito 2019, Cao 2019, Saldanha 2020, Skinner 2020, Shen

2020, and Guerrero-Araya 2020).

Toxin profile
Sequence .| Genotypes implicated in resistance
type(s) tcdA | tcdB tcdC cdtAB Cytopathic
effect ——
Antibiotic
Thre82lle (gyrA)
Asp426Asn (gyrB) Fluoroquinolones
His502Asn,
Arg505Lys, Rifampicin
18-bp Ile548Met (rpoB)
deletion, His455Asn,
single bp His455Tyr, e
01 + TcdB2 | deletion | + Classic? Pro538Leu, Fusidic acid
at Glull7Lys (fusA)
position Macrolides,
117 ermB lincosamides,
streptogramin
Linezolid,
cfr(B), cfr(C) pleuromutilins,
phenicols
tetM Tetracycline
18-bp Thre82lle (gyrA) Fluoroquinolones
deletion,
single bp
TcdB2 gteletlon Classic or
67 + or . + .
TcdB4 EclJ?tlon TesL-like tet genes Tetracycline
Asp7Glu
substituti
on or wild
type
18-bp
TcdB2 deletion, Classic or Macrolides,
41 + or single bp + ermB lincosamides,
TcdB4 deleti TcesL-like streptogramin
eletion
at
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position
117
TcdB2
188/231/365 (STs Clindamycin,
231 Wild type Classic ermB (ST231)
and erythromycin
365)

Classic CPE: arborizing (cells show neurite-like protrusions and remain attached to cell

culture plates), TcsL-like CPE: variant (cell rounding and clumping and surface detachment).

3.4.5 Less-studied Clade 2 STs

Though infrequent, strains from ST62, ST95, ST97, ST114, ST123, ST154, ST192, ST223,
ST229, ST264, and ST461-464 have been identified in epidemiological surveillance
programs in Finland [92], Brazil [105], Japan [106], Costa Rica [28,107], North America,

Australia, and Europe [21,25], even as CDI causative agents.

Many of these STs have been misleadingly referred to as ST01-like isolates [92] due to the

presence of tcdA, tcdB, and cdt in their genomes [105,106], and also because, with a single

exception (ST97), their tcdC genes show a deletion at position 117 [92,106]. Some of them

are known to carry TcdB2 or TcdB4 (Table 4) and ST154 has toxin plasmids that induce
variant CPE [88] (unpublished results). It has been reported that ST95, ST192, ST223,

ST229, and ST264 lack mutations in quinolone resistance-determining regions [92]. This

bulk of data was for the most part obtained through PCR and Sanger sequencing of discrete

genes. Therefore, most genomic and phenotypic features of these STs remain undetermined.
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Table 4. Distribution of TcdB subtypes among less frequently isolated C. difficile Clade 2
STs (Modified from Shen 2020).

TcdB2 TcdB4

ST32 ST192 ST62 ST196
ST47 ST197 ST114 ST229
ST61 ST362 ST116 ST364
ST95 ST366 ST194 ST396
ST97 ST371

ST123

3.4.6 Is the STO1 strain “hypervirulent”?

Numerous studies across the globe have linked increases in the severity, mortality, and
recurrence of CDI to the spread of C. difficile STO1 strains. For instance, a retrospective study
conducted in Québec over 13 years evidenced two-fold or three-fold increments in adjusted
odds ratios for mortality and severity, respectively, that coincided with its emergence
[108,109]. Similarly, Hubert et al. reported an association between infection with strains that
had binary toxin and a partial deletion in tcdC, such as ST01, and development of severe
diarrhea OR=2.1, (95%ClI, 0.98 to 4.6), adjusted for age [110]. In the Netherlands, Goorhuis
(2007) detected a clear tendency for more severe diarrhea OR= 1.99 (95% CI, 0.83-4.73),
higher attributable mortality OR=3.30 (95% ClI, 0.41-26.4), and more recurrences OR=1.44
(95% CI, 0.94-2.20) among patients infected with C. difficile STO1 than among those
infected with other strains [111]. In line with this trend, a multivariate analysis of CDI cases
from several US states revealed that the STO1 strain was significantly associated with severe
disease, aOR=1.74, (95% CI 1.36-2.22), severe outcome, aOR= 1.66, (95% CI 1.09-2.54),
and death within 14 days after positive stool collection, aOR=2.12 (95% CI 1.22-3.68) [83].
Another study from this country also found an association between infection with the
RT027/STO1 strain and severe CDI and 30-day all-cause mortality, with OR=1.73 (95% Cl,
1.03-2.89) and OR=2.02 (95% CI, 1.19-3.43), respectively [112].

On the other hand, studies performed in England and the United States have reported
opposing findings. For instance, Morgan et al. (2008) could not confirm that patients infected
with STO1 strains were more likely to have severe CDI [113]. Cloud et al. (2009) obtained

similar findings through the study of 6 different outcomes related to mortality and intensive
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care unit admission. None of these outcomes were significantly worse among STO01-infected
patients, compared to those infected with other strains [114]. Further studies have also failed
to report an association of the STO1 strain with increased disease severity aOR= 0.35; (95%
Cl, 0.13-0.93), in-hospital mortality aOR= 1.02; (95% CI, 0.53-1.96), or recurrence
aOR=1.16; (95% CI; 0.36-3.77), after controlling for potential confounders [115].

Though these contrasting results might be influenced by differences in study design and
statistical analysis, sample size, population, severity and mortality definitions, parameters
measured, and the bias of observational studies towards abnormal or severe disease
presentations, we conclude that robust evidence is still lacking to sustain the claim that the
STO1 strain is hypervirulent in vivo.

3.4.7 Is “hypervirulence” a frequent trait among Clade 2 STs?

A study done in New Zealand documented more severe disease OR= 9.33 (95% CI, 1.27-
82.59) and recurrence OR= 3.78 (95% CI, 0.49-31.85) in patients infected with ST41 strains
than in those affected by non-ST41 strains [99]. Likewise, compared to non-ST41 strains,
ST41 strains in Australia were 13 times deadlier and more likely to induce severe disease,
according to both IDSA/SHEA OR= 4.65 (95% CI, 0.91-23.82) and Zar criteria OR=8.11
(95% CI, 0.98-67.21) [87]. At first sight these studies support the notion that ST41 strains
are hypervirulent. However, these authors compared ST41 with STs from other MLST

clades.

The outcomes of infection with a ST231 strain in a murine model were found to be
comparable to those elicited by an STO1 strain, including marked weight loss, severe disease
within 48 hours of infection, and death [103]. Nonetheless, these similarities have not been

confirmed in studies on human CDI.

Some studies have also highlighted ST67 as a hypervirulent causative agent of CDI
[86,88,89]. However, others did not find any evidence of severe diarrhea and the
development of fulminant colitis in CDI cases caused by isolates from this ST [88].
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Although results from animal models do not always reflect what will occur in a human host,
it has been shown that the severity of CDI by ST01, ST67, and ST41 strains in a mouse model
is influenced by toxin production regulation or the presence of nutritional sources, such as
trehalose [69,89]. A recent study compared the pathogenic potential of ST01, ST67, ST41,
and ST252 strains using the murine ileal loop model and oral infection of Syrian gold
hamsters with spores [29]. In the first bio model, the STO1 isolate tested induced the highest
overall level of edema and IL-1B. MPO activity, an indicator of neutrophilic degranulation,
and histopathological scores were higher for STO1 and ST67 isolates. In turn, markers of
acute inflammation in ileal tissue, such as TNF-o and IL-6, were comparable among STO1,
ST67, and ST41 strains. However, this bio model has also delivered contrasting results, for
the MPO, IL-1p, and IL-6 levels induced by infection with ST67, ST41, and ST252 isolates
were indistinguishable from those measured in non-intoxicated cells [29,58], suggesting
marked differences among members of the same ST. In the second bio model, colonization
by STO1 isolates occurred sooner, and this ST also caused the highest levels of epithelial
damage and lethality measured overall. In this study, STO1 and ST67 induced systemic
infection, as indicated by elevated counts of peripheral neutrophils, high levels of alanine
aminotransferase (liver malfunctioning) and lactate dehydrogenase (tissue damage), blood
urea nitrogen and creatinine (renal function impairment), and changes in serum electrolytes
(sodium and chloride), aspartate aminotransferase (AST), and albumin levels. By contrast,
ST252 and one ST41 isolate were linked to high survival rates and induced little or no
alterations in serum biomarkers [29]. A similar functional comparison of human CDI cases

by these STs has not been performed.

This bulk of data, along with our profound lack of information for most Clade 2 members,
and the marked phenotypic heterogeneity of isolates from the same ST, lead us to conclude
that it is still premature to claim that hypervirulence is a widespread feature among Clade 2
C. difficile strains.

3.4.8. Closing remarks and recommendations

The continuous isolation of Clade 2 members as CDI causative agents justify the need for an
active epidemiological vigilance, not only focused on STO01 strains [105].

Besides, our findings demonstrate that it is still necessary to expand current knowledge on
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the epidemiology and pathogenesis of the Clade 2 STs listed in Table 5 and do not clarify
whether the STO1 strain or the whole clade can be regarded as hypervirulent.

Table 5. C. difficile Clade 2 STs for which no information was found.

Clonal complex ST

ST120
ST130
ST140
ST156
ST157
ST175
ST176
ST222
ST223
ST224
ST226
ST227
ST230
ST232
ST253
ST264
ST269
ST276
ST277
CCo ST353
ST39%4
ST395
ST417
ST418
ST431
ST433
ST461
ST462
ST464
ST481
ST486
ST543
ST549
ST550
ST562
ST565
ST623
ST638
ST646
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ST652
ST690
ST351
CC1 ST428
ST541
ST228
ST651
ST128
ST372
ST444
ST446
ST463
CC3 ST554
ST567
ST642
ST660
ST662
ST674

CC2

To shed light on this matter, it is desirable that future studies include: i) toxin gene profiles,
ii) cytotoxicity assays to estimate toxin synthesis levels, designate CPE types, and list TcdB
glycosylation targets, iii) experimentation in animal biomodels to measure pro-inflammatory
markers, describe histological findings, and determine lethality, iv) antibiotic-susceptibility
testing, v) phenotypic and biochemical investigations on the role in host interaction of
virulence factors (i.e. SIpA, cell wall proteins, flagella, fimbria, and biofilms), vi)
determination of spore formation ability and germination rates, and vii) metabolic studies to
estimate adaptation potential to the intestinal environment.

It would also be relevant to relate wet-lab and bioinformatics results to patient metadata and
clinical parameters, including, but not limited to, age, exposure to antibiotics, presence of
comorbidities, type of CDI onset, clinical progression, recurrence rates, biomarker levels in

stools and serum, among others.
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4. Chapter Il. Manuscript: “Virulence-associated phenotypes of STO1 and non-ST01
strains from the Clostridioides difficile MLST Clade 2".

4.1Materials and methods

4.1.1 C. difficile strains and cultivation

This study included seven C. difficile isolates recovered from CDI patients admitted to Costa
Rican national hospitals between 2009 and 2018. These bacteria were obtained from stool
samples treated with 96% ethanol which were inoculated onto cefoxitin-cycloserine-fructose
agar (CCFA) plates (Oxoid) [77]. Colonies were identified phenotypically with the RapID
32A system (bioMérieux) [77]; and genotypically by an end-point PCR targeting fragments
of tpi, tcdA, tcdB, tcdC, and cdtB [116]. Thereafter, colonies with confirmed identity were
typed by PFGE [19,117]. After sequencing by synthesis, it was determined by fastMLST
(https://github.com/EnzoAndree/FastMLST) that the seven isolates represent six sequence
types (STs) from the C. difficile MLST Clade 2 [20]. In this regard, whereas isolates LIBA-
5758 and LIBA-5700 were allocated to STO1, LIBA-2811 (ST41), LIBA-7857 (ST47),
LIBA-5757 (ST67), LIBA-6656 (ST154), and LIBA-5809 (ST638) were assigned to the STs
indicated in parenthesis. The reference strain R20291 (ST01) was included as a positive
control because its phenotypes have been widely documented. All phenotypic assays were
done with bacteria freshly plated from cryopreservation vials maintained at -80 °C. Unless
otherwise indicated, all incubations were done at 37 °C under an atmosphere composed of
90% N2, 5% H>, and 5% CO: into an anaerobic chamber (Bactron II; Shell Lab).

4.1.2 Spore preparations

Spore suspensions were obtained based on a modification of previously published protocols
[5,118]. Briefly, each strain was cultured for 24 h in Brain Heart Infusion (BHI) broth
supplemented with 0.1% hemin, 0.1% vitamin Ky, and 0.5% yeast extract. Next, trypticase
soy agar (TSA) plates supplemented with 0.5% yeast extract were inoculated with a dilution
of the starter culture (0.7 ml in 1000 ml) and incubated for 7 days. Biomass was recovered
by flooding the plates with ice-cold sterile distilled water followed by scraping with
disposable loops. To separate spores from vegetative cells, the aforementioned suspensions
were mixed with non-ionic density gradient medium (Histodenz, Sigma-Aldrich) and
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centrifuged the mixtures at 16873 g for 10 min at room temperature. Spore pellets were
washed with PBS (0.01 M, pH 7.4) to remove Histodenz traces, resuspended in PBS + BSA
1% wiv, and stored at 4°C for at least 15 days to allow spore maturation. After this period,
spore suspensions were resuspended, diluted, and heated to 55 °C for 20 min to kill remaining
vegetative cells. The number of viable and total spores in each suspension was determined
by duplicate through cultivation (BHI agar plates supplemented with 0.1% hemin, 0.1%
vitamin K1, 0.01% of sodium taurocholate), at 37 °C for 48 to 72 h under anaerobiosis and

by microscopic counting of Schaeffer and Fulton-stained smears.

4.1.3 Adherence of spores to epithelial colorectal cells (ECC)

The ability of spores to adhere to ECC was assessed using procedures reported in the
literature [5]. Briefly, Caco-2 epithelial cell cultures, at a final density of approximately 1.1
x 108 cells/well, were inoculated with spores at an MOI (multiplicity of infection) of 4 or 10
in 200 uL of EMEM (Eagle's minimal essential medium) and incubated for 1 h at 37 °C under
aerobiosis. Next, a group of cells was washed three times with PBS to remove unattached
spores while a second group of cells was left unwashed to determine the total number of
spores that were originally added. Afterwards, both groups of cells were lysed with 0.06%
Triton X-100 for 30 min at 37 °C under aerobic conditions. An aliquot of 100 pL of the
resulting cell lysates were spread onto BHI agar plates supplemented with 2% glucose, 0.5%
yeast extract, and 0.01% sodium taurocholate which were incubated for 48 h for recording

of colony forming units (CFU). Spore adherence was determined with the following formula:
[(final CFU/mL) / (initial CFU/mL)] x 100

To confirm these results, spores adhered to Caco-2 were visualized by indirect
immunofluorescence based on a modification of previously published protocols [5,43]. To
this end, Caco-2 epithelial cell cultures, grown on 12 mm glass slides at a final density of
approximately 1.1 x 108 cells / well, were inoculated with spores at an MOI of 4 or 10 in 200
uL of EMEM and incubated for 1 h at 37 °C under an aerobic atmosphere with 5% CO..
Thereafter, cells were washed with PBS and fixed with 3.5% paraformaldehyde for 10 min.
Fixed cells were blocked for 10 min with 50 mM ammonium chloride and permeabilized
with 0.1% Triton X-100 for 10 min. For specific spore detection we exposed the slides for

30 min to a primary rabbit antibody targeting a C. difficile spore protein (ab2985, Abcam)
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and a secondary antibody for the same time period (Alexa Fluor 546 F(ab) fragment of goat
anti-rabbit, Life Technologies). All washes were done with PBS and 0.1% Triton X-100.
Slides were mounted with SlowFade® Gold antifade reagent with DAPI (Invitrogen) to
protect the cells from bleaching and stain cell nuclei. Images were recorded with a
fluorescence microscope (Eclipse 80i, Nikon), a CCD camera (Digital Sight, Nikon), and the

NIS-Elements AR 3.0 Software (Nikon). Both assays were performed in triplicate.

4.1.4 SIpA detection and pro-inflammatory response mediation

Preparations enriched in surface layer protein SIpA were obtained from bacteria grown for
18 h in TYT broth (3% bacto tryptose, 2% yeast extract, 0.1% thioglycollate, pH 6.8) as
previously described [9,107]. Briefly, bacterial biomass harvested by centrifugation at 18514
g for 15 min at 4 °C (Centrifuge 5810 R, Eppendorf) was washed twice with PBS and
resuspended in 0.2 M glycine adjusted at pH 2.2. After 30 min, the supernatants were
recovered, neutralized with 2M Tris solution (pH 8.0), filtered through 0.2 um membranes,
and stored in aliquots at -20 °C. Proteins separated by 10% SDS-PAGE were
electrotransferred to a polyvinylidene difluoride (PVDF) membrane and probed with a anti-
LIBA-5758 (STO01) SIpA mice antisera [107]. For signal detection, membranes were
incubated with peroxidase-conjugated anti-mouse antibodies (G21040, Invitrogen) and the
immunological complexes were revealed by a chemiluminescence reaction using Lumi-Light
Plus Western Blotting substrate (Roche) and a Chemidoc XRS documentation system (Bio-
Rad). The identity of the bands was confirmed by mass spectrometry (MS) at the Proteomics

Facility of the Clodomiro Picado Institute/University of Costa Rica.

Confluent monolayers of Raw 264.7 macrophages (ATCC TIB-71) were exposed to 20 ug
of proteins contained in the SIpA preparations for 12 h under an aerobic atmosphere with 5%
COa. As positive and negative controls, 5 ug of Escherichia coli LPS and a mixture of 0.2 M
glycine pH 2.2 with 2 M Tris pH 8.0 were tested, respectively (data not shown). The
concentration of TNF-a in supernatants was determined using a commercial mouse TNF-a
enzyme-linked immunosorbent assay (ELISA), as instructed by the manufacturer

(eBioscience).
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4.1.5 Flagellin extraction

To extract flagellin, strains were grown on BHI agar plates supplemented with 0.1% hemin,
0.1% vitamin Ki. After 24 h of incubation, biomass was resuspended in 500 uL of distilled
water and vigorously vortexed for 3 min. Supernatants obtained by centrifugation at 16873
g in a benchtop centrifuge (model 5418, Eppendorf) for 5 min at room temperature, were
lyophilized and thereafter resuspended in 100 ul of Milli Q water (Merck) [119]. The yield
and purity of these preparations were assessed by SDS-PAGE followed by Coomassie
staining. Furthermore, the identity of the bands was determined by mass spectrometry at the

Proteomics Facility of the Clodomiro Picado Institute/University of Costa Rica.

4.1.6 Motility assays

Motility was first assessed using semisolid agar tubes prepared with BHI broth and 0.175%
agar. These media were inoculated through stabbing with a straight platinum needle and
incubated for 48 h [120]. Strain M120 (non-motile) was used as a negative control. To
evaluate swimming and swarming motility we used bacterial cultures grown in BHI broth for
8 h and pre-reduced plates containing 25 mL of BHI broth and 0.3% or 0.4% agar,
respectively [8]. Whereas swimming plates were stab-inoculated with 3 uL of bacterial
cultures, swarming plates were spot-inoculated with the same volume. After 48 h of
incubation, the diameter of growth was measured with a ruler. Six replicates were obtained
for each strain by triplicate [8]. In this series of experiments, strain M120 was again used as

a negative control.

4.1.7 Biofilm formation

The capacity of the strains to form biofilms was quantified using crystal violet (CV) staining
of growth in plastic microtiter plates [12]. To this end, started cultures were obtained through
overnight incubation in BHI broth (Oxoid) supplemented with 0.1% cysteine and 0.5% yeast
extract (BHI-CY). Next day, starter cultures were diluted 1:100 with BHI-CY containing 0.1
M glucose and incubated in cell culture 24-well polystyrene plates for 24, 72, and 120 h. A
total of three wells were inoculated for each strain (1 mL/well). Wells were washed with PBS
and the biomass adhered to their inner surfaces was stained with 1 mL/well of 0.2% CV for
30 min. Subsequently, plates were washed with PBS, and CV was extracted for the same

period using 1 mL/well of methanol. The optical density (OD) of the extracts was determined
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at 570 nm using a spectrophotometer (Genesys 20, Thermo Scientific). A non-inoculated

well was used as a negative control.

4.1.8 Quantification of secreted TcdB

To quantify secreted TcdB, 24 h cultures in TYT broth were centrifuged at 20,000 g for 30
min to remove bacteria, and the supernatants were passed through 0.2 pum filters [77].
Proteins in these cell-free supernatants were concentrated using Strataclean® resin [121] and
thereafter separated by duplicate in 7.5% polyacrylamide gels by SDS-PAGE
electrophoresis. One gel from each pair was exploited to confirm the presence of TcdB via
Western blotting (WB) with an anti-TcdB monoclonal antibody (2CV, tgcBiomics), a goat
anti-mouse 1gG-horseradish peroxidase conjugate (G-21040 Invitrogen; Life Technologies),
a chemiluminescent substrate (Lumi-Light Plus Western blotting substrate, Roche), and a
XRS ChemiDoc documentation system (Bio-Rad). The second gel, in turn, was stained with

Coomassie blue and analyzed by densitometry using ImageJ (https://imagej.nih.gov/ij/) to

approximate the amounts of proteins with TcdB molecular weight and WB signals.

4.1.9 Characterization of toxin-derived cytopathic effects (CPE): titration and Kinetics

The biological activity of TcdA/B in the cell-free supernatants described above was studied
through intoxication of confluent HeLa cell monolayers grown in 96-well polystyrene plates
in Dulbecco modified Eagle medium (DMEM, Gibco) supplemented with 5% fetal bovine
serum (FBS, Sigma). Ten-fold dilutions of culture supernatants that originally contained
approximately 62 ug of total protein were added to the cell cultures. To verify that the CPE
observed was indeed caused by these toxins, the assays were also performed in presence of
a single neutralizing antibody raised against TcdA and TcdB (T5000, TechLab, Inc) [77].
The percentage of morphologically altered cells in each well was monitored hourly by phase-
contrast microscopy for 24 h using an automated cell imager (Cytation3, BioTek
instruments). Cytopathic titers were expressed as the inverse of the dilution of the
supernatants that produced 50% cell rounding in the monolayers (CPEso) after 24 h of

incubation.


https://imagej.nih.gov/ij/
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4.1.10 In vitro GTPase glycosylation profiles

Glycosylation of monomeric GTPases by cell-free supernatants was examined through WB.
Briefly, HeLa cells monolayers grown under the above conditions but in 24-well polystyrene
plates, were inoculated with 40 pL of cell-free supernatants that were derived from 24 h
cultures in TYT broth ca. 250 ug of total protein). After 24 h of incubation, cells were lysed
with 2% sodium dodecyl sulfate (SDS). Lysate proteins were separated in 10% SDS-
polyacrilamide gels, electrotransferred to PVDF membranes, and probed with monoclonal
anti-Rho A- (ab54835, Abcam) and anti-Racl- (610651, clone 102, BD Biosciences)
antibodies that fail to recognize the glycosylated isoforms of these proteins. B-actin was
detected as loading control using an anti-Actin antibody produced in rabbits (A2066, Sigma)
[58,82].

4.1.11 Spore response to NaDCC

A dilution-neutralization assay was performed to determine the susceptibility of spore
suspensions to NaDCC [17,122]. Briefly, spores adjusted at a concentration of 10’/mL were
mixed with 0.3 g/L bovine albumin and then exposed to 1000 ppm NaDCC for 5 min at room
temperature. Aliquots of these suspensions were transferred to tubes containing the
neutralizing agent 0.5% sodium thiosulfate (Merck) and allowed to set for 5 min at room
temperature. Subsequently, three decimal dilutions were spread onto Brucella agar plates
supplemented with 0.01% sodium taurocholate, in duplicate [17,122]. After 48 h, the number
of CFU/mL was recorded. In this test, a disinfectant that leads to a reduction in the initial
bacterial population of at least 5 logarithms is considered effective [122]. This test was

performed three times for each strain.

4.1.12 Statistical analyses

Data are presented as means plus/minus standard deviations. Means were compared by one-
way ANOVA tests with Bonferroni correction or Kruskal-Wallis tests followed by Dunn’s
multiple comparison tests or Tukey's test, respectively. P values < 0.05 were considered
statistically significant, using the statistics software SigmaPlot 14.0.
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4.2 Results
4.2.1 Spore adherence to human intestinal epithelial cells

The adherence level of spores from different MLST Clade 2 STs to ECC is comparable

To evaluate the level of adherence of spores to human intestinal cells, we exposed Caco-2
cell cultures to purified spores at an MOI of 4 for 1 hour. A group of cells was washed to
remove unattached spores, while a second group of cells was left unwashed to determine the
total number of spores added to the cell cultures. Cells were then lysed, and lysates were
spread onto agar plates to determine the initial (total) and final (adhered) amounts of spores.
All the strains achieved similar adherence percentages, ranging between 83.0 and 86.9% (Fig.
3A). To confirm these results, we attempted to visualize spores adhered to Caco-2 cells
through an indirect immunofluorescence microscopy assay (Fig 3B). No interferences due to
spore autofluorescence or non-specific interactions involving the secondary antibody were
observed (Fig. 3B 1-2) and spores interacting with epithelial cells were detected for all strains
(Fig. 3B 3). However, the low intensity of the fluorescent signal emitted by the antibodies
that recognize the spores (red), compared to the fluorescence of the eukaryotic cells stained

with DAPI (blue), hindered the obtention of confident spore counts.
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Figure 3. Strains from various MLST Clade 2 STs show a similar percentage of
adherence to human intestinal epithelial cells. Spore adherence to Caco-2 cells was
determined quantitively by plate counts (A) or qualitatively via epifluorescence microscopy
(B). Red bars in A, designated as ST01, correspond to strains R20291, LIBA-5700, and
LIBA-5758, from left to right. The results shown in A represent the average of three
independent experiments. No statistically significant differences were found at P <0.05
(One-way ANOVA). B) An indirect immunofluorescence assay was performed to confirm
the adherence of spores to Caco-2 cells (MOI = 4) grown on 12 mm cover slides and stained
with DAPI. Three conditions were imaged: 1) Caco-2 cells exposed to primary and secondary
antibodies (no spores, negative control), 2) Caco-2 cells exposed to spores plus secondary
antibody only (control for detection of non-specific antibody interactions), and 3) Caco-2
cells exposed to spores plus primary antibody targeting a C. difficile spore protein (ab2985,

Abcam) and secondary antibody (Alexa Fluor 546, Life Technologies) (test).

4.2.2 SIpA detection and pro-inflammatory response mediation

The MLST Clade 2 strains tested exhibit ST-specific SIpA profiles and a differential

pro-inflammatory activity.

SlIpA was extracted from cultures of C. difficile Clade 2 strains with a low pH glycine buffer,
with relatively low levels of contaminating proteins. The identity of the extracted proteins
was confirmed based on their anticipated molecular weight and by MS for all strains except
for LIBA-7857 (ST47). With a single exception, two bands were seen on SDS-
polyacrylamide gels: a high molecular weight (HMW) and a low molecular weight (LMW)
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band, migrating around 45-52 kDa and 35-40 kDa, respectively. Different migration patterns
were seen among the strains, mainly in their LMW isoforms. A single band of HMW was
observed for the ST47 strain tested (Fig. 4A).

Polyclonal mouse antibodies raised against SIpA from strain LIBA-5758 (STO1) were used
in a WB analysis of SIpA preparations from the strains under study (Fig. 4B). As expected,
this antiserum recognized the HMW and LMW SIpA of the strain used for immunization.
Identical recognition patterns were recorded for the other STO1 strains, while the antiserum
only recognized the HMW SIpA of the remaining strains, suggesting a rather high level of

antigenic similarity in this isoform.

The pro-inflammatory activity triggered by the SIpA preparations was assessed through the
measurement of TNF-a released by exposed Raw 264.7 macrophages (Fig. 4C). SIpA from
strains LIBA-5700 (STO01), LIBA-5758 (ST01), LIBA-2811 (ST41), and LIBA-6656
(ST154) induced a statistically significant higher secretion of TNF-a (ranging from 1338.13
t0 1562.40 pg/mL) than strains R20291 (ST01), LIBA-7857 (ST47), LIBA-5757 (ST67), and
LIBA-5809 (ST638) (ranging from 669.43 to 1041.70 pg/mL).
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Figure 4. ST-specific SIpA profiles with distinct immunogenic properties and
proinflammatory potential. A) Coomassie-stained SDS-PAGE of SIpA preparations
obtained for different C. difficile MLST Clade 2 strains by low-pH extraction Lane M:
PageRuler™ (Thermo Scientific) molecular weight marker. Lanes designated as STO1
correspond to strains R20291, LIBA-5700 and LIBA-5758, respectively. *: HMW SIpA
band, A: LMW SIpA band. B) Western blotting (WB) of SIpA preparations probed with anti
LIBA-5758 (STO01) SIpA mouse antibodies. Immune complexes were revealed by
chemiluminescence using Lumi light Plus (Roche). C) 20 ug of SIpA preparations, or glycine
with Tris (in a ratio of 10:1) as negative control C (-), were incubated for 12 h with Raw
264.7 macrophages grown on 24-well plates. Thereafter, the amount of TNF-a released to
the supernatants was quantified using a mouse TNF-o ELISA kit (eBioscience). Red bars,
designated as STO1, represent strains R20291, LIBA-5700 and LIBA-5758, respectively.
Non STO1-strains appear in blue. Error bars represent standard deviations from three
independent experiments. (One-way ANOVA, with Bonferroni test, P< 0.05).

4.2.3 Detection of flagellin and motility assays

All STs tested show comparable swarming and swimming motility.

Flagellin extracted from the cell surface of C. difficile strains was separated and visualized
by SDS-PAGE (data not shown). In each case, bands of approximately 33 to 36 kDa -the
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molecular weight expected for flagellin- were observed in the gel but accompanied by other
contaminating proteins. MS of extracted gel bands identified this protein band as the product
of fliC for strains LIBA-2811 (ST41), LIBA-7857 (ST47), and LIBA-6656 (ST154). For the

other strains, however, these bands were identified as SIpA.

All the strains were motile, as revealed by a qualitative screening with soft agar tubes (Fig.
5A). Compared to the negative control, all of the Clade 2 strains showed swarming and
swimming motility (Fig. 5B). No differences in swarming motility were seen. By contrast,
LIBA-5700 (ST01) showed less swimming motility than the other strains (Fig. 5C).
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Figure 5. Flagellin extraction and quantitation of swarming and swimming motility.

(A) Soft BHI agar tubes were stab-inoculated with a colony of each strain to screen their
motility capacity. Strain M120 is non-motile and was therefore included as a negative control.
(B) Soft BHI agar plates were spot-inoculated and stab-inoculated with 4 pL of OD-adjusted
bacterial cultures to assay swarming and swimming motility, respectively. Growth diameters

in cm (C) were recorded after 48 h. STO1 lanes, images, and bars correspond to strains
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R20291, LIBA-5700 and LIBA-5758, from left to right. Red and blue bars in C correspond
to STO1 isolates and non-STO1 isolates, respectively. Results were obtained from three

independent experiments. (P<0.05 Kruskal-Wallis and Dunn’s multiple comparison test).

4.2 .4 Biofilm formation

All Clade 2 strains tested show similar biofilm formation ability at 24 and 72 h. A few

non conclusive differences emerged at 120 h.

The ability of Clade 2 strains to form biofilms was evaluated by CV staining assay of sessile
biomass after 24, 72, and 120 h of growth in microtiter plates (Fig. 6). Maximum figures of
biofilm formation were observed at 24 h. Afterwards, biofilm formation decreased gradually
to reach the lowest levels at 120 h. All the strains showed significantly higher biofilm
formation than the negative control at 24 and 48 h, while at 120 h, the values obtained for
strains LIBA-5700 (STO01), LIBA-5758 (ST01), and LIBA-2811 (ST41) were
indistinguishable from those observed for the negative control.

Biofilm formation 24 h Biofilm formation 72 h Biofilm formation 120 h

* . * 0.30 - a

ST01 STO1 STO1 ST41 ST47 ST67 ST154 STE38 C(-)

Absorbance (570 nm)
Absorbance (570nm)

ST ST sT

Figure 6. Biofilm formation at 24, 48 and 120 h as determined by CV staining of biomass
attached to plastic microtiter plates. Diluted overnight cultures grown in BHIS
supplemented with 0.1 M glucose for 3 days were inoculated in triplicate in 24-well plates.
Uninoculated culture medium was used as a negative control (C-). The amount of biomass
adhered to the plates after the indicated periods of time was estimated by quantitation of
extracted crystal violet. Red and blue bars correspond to STO1 isolates and non-STO01 isolates,
respectively. Bars designated as STO1 in the three panels correspond to strains R20291,
LIBA-5700 and LIBA-5758, from left to right. Each strain was tested in triplicate. Error bars

STO1 STO1 STO1 ST41 ST47 ST67 ST154 §T638 Cf-) §T01 §STO1 STO1 ST41 ST47 ST67 ST154 ST638 C(-)
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represent standard deviations. (P<0.05 Kruskal-Wallis with Tukey’s tests (24 and 72h), One-
way ANOVA, with Bonferroni test (120h).

4.2.5. Quantification of TcdB and effects induced by glycosyltransferase activity.

C. difficile MLST Clade 2 strains produce different amounts of TcdB, which induce
distinct cytopathic effects according to their target affinities.

The strains under study were compared regarding their TcdB production after 24 h of growth
in TYT broth (Fig. 7A and B). As indicated by densitometric measurements of Coomassie-
stained SDS-PAGE bands for which a signal was seen in the WB, strains LIBA-5700 (ST01)
(505.9), LIBA-5758 (STO1) (477.6), LIBA-2811 (ST41) (438.2), and LIBA-6656 (ST154)
(457.1) produce approximately 1.5 - 4X higher amounts of TcdB than the other STs (with
densities ranging from 121.1 to 278.2). The lowest TcdB production was measured for LIBA-
5809 (ST638) (Fig. 7B).

The amount of TcdB produced by these strains did not always correlate with the cytopathic
potential of cell-free supernatants to HeLa cells (Fig. 7C). In this regard, although the highest
titers overall were assigned to the high toxin producer strains LIBA-5700 (STO1) and LIBA-
5758 (STO1) (1:10000), strains LIBA-2811 (ST41) and LIBA-6656 (ST154) showed similar
titers than strains producing lower amounts of toxin, such as R20291 (ST01), LIBA-7857
(ST47), and LIBA-5757 (ST67) (1:1000), and LIBA-5809 (ST638) (1:100). Our Western
Blots revealed an interaction between TcdB of strains LIBA-5700 (ST01), LIBA-5758
(STO1), LIBA-2811(ST41), LIBA-6656 (ST154), and LIBA-5809 (ST638) and the detection
antibody that matched the densitometric measurements. By contrast, strains LIBA-7857
(ST47) and LIBA-5757 (ST67) gave rise to strong chemiluminescent signals, despite having
bands of low intensity in the SDS-PAGE gels (Fig. 7C).

To characterize the morphological changes induced by the TcdB toxins, HeLa cells were
intoxicated with cell-free supernatants and the cytopathic effects (CPE) were recorded across
24 h. Whereas STO01, ST47, and ST638 strains induced a classical, arborizing CPE, the other
strains caused a variant effect characterized by cell rounding, clumping, and surface
detachment (Fig. 7C). The time of CPE appearance varied among the strains, with significant

differences being evident already after 2 hours of intoxication (Fig 7D). At this time, whereas
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cells exposed to two STOL strains (LIBA-5700 and LIBA-5758) showed the highest
percentage of rounded cells, LIBA-5809 (ST638) produced the least amount of
morphologically altered cells. An hour later, LIBA-5809 (ST638) maintained the lowest
percentage of rounded cells compared to the other strains. At the following time points,
although LIBA-2811 (ST41) and LIBA-5809 (ST638) induced a CPE at a slower pace, no
significant differences were found. Cells exposed to supernatants from the high toxin
producer strains LIBA-5700 (STO1) and LIBA-5758 (STO1) showed the classical CPE
already 3 h after intoxication. R20291 (ST01) and LIBA-7857 (ST47), in turn, induced
morphological changes after 4 h, followed by LIBA-6656 (ST154), which induced the variant
CPE after 5 h. Although LIBA-5757 (ST67) (CPE completed at 6 h) did not produce as much
TcdB as LIBA-2811 (ST41), it caused cell alterations 3 h before (variant CPE at 9 h). By
contrast, cells intoxicated with LIBA-5809 (ST638) required ca. 13 h to manifest a CPE and
preserved their neurite-like protrusions even after 24 h of incubation. The CPE differences
observed mirror the glycosylation patterns induced by the strains in HeLa cells, as determined
through an in vitro assay (Fig. 7E). In this regard, strains that induced a classical CPE
glycosylated RhoA and Racl, while variant CPE-inducing strains, such as ST41, ST67, and
ST154, only glycosylated Rac1l.



42

A STO1 STO1 STO1 ST41 ST47 ST67 ST154 ST638 [Sequence type D 100
TcdB2 TcdB2 TcdB2 TcdB2 TcdB2 TcdB2 TcdB4 TedB2 | TedBsubtype =®=ST01 =@==ST01
TcdB4 TcdB4 75
278.2 505.9 477.6 438.2 1355 146.9 457.1 121.1 Band density %"_ sT01 sTa1
~270 kDa S so
Coomassie E oI4y g
c
3 2
< 0= ST154 = ST638
B ~270 kDa 0
0
WB (anti-TcdB)
Hours
C - - E ST01  STO1  STO1 ST41 ST47  ST67  ST154 ST638  (-)

Untreated cells  STO1

ST67 1:1000 ST154 1:1000 ST638 1:100

ST47  1:1000

Figure 7. Quantification of TcdB and characterization of cytopathic effects due to target
glycosylation. A) Proteins in cell-depleted supernatant were concentrated using StrataClean
beads (Agilent Technologies), separated by 7,5% SDS-PAGE, and visualized by Coomassie
blue staining. The density of bands of approximately 270 kDa was measured using Imagel.
B) To confirm the identity of the bands seen in the SDS-PAGE a parallel SDS-PAGE gel was
transferred to a PVDF membrane, probed with monoclonal antibody to TcdB (tgcBiomics)
and the interaction complex was visualized by chemiluminescence using Lumi light Plus
(Roche). C) Cytopathic effect (CPE) recorded 24 h after monolayers of HeLa cells were
intoxicated with cell-free supernatants of the indicated strains. C: classic CPE, V: variant

CPE. The decimal dilution in which CPE50 was observed is indicated next to each ST below

the pictures. D) Cell rounding was monitored each hour during 24 h to obtain kinetic profiles
of CPE appearance. Each strain was tested in triplicate. Error bars represent standard
deviations. (*: P<0.05 One-way ANOVA, with Bonferroni test). E) Monolayers of HeLa cells
were intoxicated with cell-free supernatants for 24 h. Cells were lysed for subsequent
evaluation of GTPases glycosylation by WB with antibodies that fail to recognize the
glycosylated forms of RhoA and Racl (a lack of signal depicts target glycosylation). As a
loading control, membranes were revealed with a monoclonal antibody targeting actin.

Untreated cells (-) were included as control for unmodified proteins. Lanes or images
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designated as STO1 correspond to strains R20291, LIBA-5700, and LIBA-5758, respectively.

Images were obtained from three independent experiments.

4.2.6 Spore susceptibility to sodium dichloroisocyanurate (NaDCC)

The susceptibility of spores from MLST Clade 2 strains to NaDCC is similarly high.

To examine the susceptibility of spores from our MLST Clade 2 strains to a clinically relevant
disinfectant, we exposed spore suspensions to NaDCC and calculated logarithmic reduction
factors (LRF) after 5 minutes of exposure in presence of organic matter (Fig. 8). In this series
of assays, spores from the well-studied reference strain CD630 were tested for comparative
purposes. The highest LRF were recorded for strains CD630 (LRF: 5.36 + 0.12) and LIBA-
2811 (ST41) (LRF: 5.10 + 0.05). However, these figures were similar to those determined
for strains LIBA-5700 (STO01) (4.82 + 0.65), R20291 (ST01) (LRF= 4.64 + 0.58), LIBA-
5758 (STO1) (3.82 + 0.18), LIBA-7857 (ST47) (4.55 + 0.93), LIBA-5757 (ST67) (3.60 +
0.64), LIBA-6656 (ST154) (4.86 + 0.79), and LIBA-5809 (ST638) (4.84 + 0.47) (One-way
ANOVA, P<0.05).

LRF
w

STO1 STO1 STO01 ST41 ST47 ST67 ST154 ST638 CD630
ST

Figure 8. NaDCC showed similar inhibitory sporicidal activity against all MLST Clade
2 C. difficile strains tested. The inhibitory activity of NaDCC (1000 ppm) on spores (1x10’
spores/mL) from the C. difficile MLST Clade 2 strains under study and a reference laboratory
strain (CD630) was tested by triplicate using a dilution-neutralization method. Results
obtained were expressed as average loglO reduction factors (LRF), where an LRF =5

indicates a 99.999% reduction in the original number of endospores. Bars designated as ST01
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represent strains R20291, LIBA-5700, and LIBA-5758, respectively. Red and blue bars
correspond to STO1 and non-STOL1 isolates, respectively. Error bars indicate standard
deviations. No statistically significant differences were found at P<0.05 (One-way ANOVA).

4.3. Discussion

In this work several virulence-associated phenotypes implicated in different stages of CDI
development were analyzed aiming to identify factors that could explain the increased in vivo
virulence and epidemicity of STO1 isolates, compared to representatives of other ST from the
same C. difficile MLST clade (Clade 2). The results obtained did not reveal any obvious
exclusive patterns or trends, as all strains exhibited similar levels of spore adherence to
epithelial cells, motility, biofilm formation at 24 and 72h, and spore resistance to NaDCC.
Besides, some STO1 isolates and members of other STs shared phenotypes, including SIpA-
mediated secretion of pro-inflammatory cytokines, decreased biofilm formation at 120h, and
production of TcdB in high levels. In consequence, the hypothesis raised in this research

project is rejected.

4.3.1 Adherence of spores to human epithelial cells

C. difficile is a strictly anaerobic bacterium that forms dormant spores. These structures,
which are highly resistant to antibiotics, the host’s immune response, and some disinfectants
commonly used in clinical environments [6], is produced via quorum sensing in response to
stimuli such as nutrient starvation and other stress factors [6]. They facilitate the persistence
of C. difficile in the host and the environment, contributing to the recurrence of CDI and the
transmission of this pathogen by the fecal-oral route [6,18]. Based on this important role in
CDI, we evaluated the level of adherence of spores to human intestinal cells using plate
counts and indirect immunofluorescence assays.

As determined by the first technique, all strains assessed achieved similarly high adherence
percentages (83.0-86.9%). Firstly, these results confirm that C. difficile Clade 2 spores can
adhere to enterocyte-like epithelial cells. This attachment, which likely is the initial stage of
CDI development, has been claimed to occur through the interaction of spore and host
proteins [5]. In this regard, the high levels of adherence of spores from epidemic strains such

as R20291 (STO01) to intestinal epithelial cells in vitro are mediated by the presence of the
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highly hydrophobic exosporium, the outermost layer of spores, with hair-like projections
composed by collagen-like BclA3 glycoproteins. These projections interact with collagen
domains located on the cellular membrane or the apical microvilli of intestinal cells, and the
extracellular matrix proteins fibronectin and vitronectin [5,6,18,123,124]. It is probable that
unidentified proteins of 40-45 kDa could directly affect the ultrastructure of the exosporium,
since their absence triggers a decrease in spore hydrophobicity and adherence to epithelial
cells [5]. However, it also has been reported that mutations in cdeC, the coding gene for the
cysteine-rich exosporium protein [6,125], causes a deficiently assembled exosporium that
lacks the hair-like extensions and has reduced hydrophobicity [124]. Unexpectedly, cdeC
mutated R20291 spores showed higher adherence than the wild type, suggesting that the
correct assembly of exosporium increases the selectivity of the adherence of spores to
epithelial cells [124,125]. Furthermore, in vitro assays have revealed that BclA3 is essential
for spore entry to T84 and Caco2 cells through BclA3-Fn-osp: and Vn-ayB:1 integrin
internalization pathways [18].

Altogether, our results suggest that the indistinguishable adherence percentages to Caco-2
cells observed for the Clade 2 strains mirror common ultrastructural characteristics among
their exosporia and comparable levels of hydrophobicity. These potential similarities,
however, seem not to correlate with virulence, as our strains caused different levels of
pathology in animal models [29]. Now, considering that the methodology followed in this
work does not differentiate adhered- from internalized-spores, and bearing in mind that C.
difficile spores can enter intestinal epithelial cells, it would be desirable to establish in the
future the total amount of spores that interact with cells and the proportion of spores
internalized. Moreover, it would be interesting to study new therapeutic strategies for strains
with spores with higher internalization rates, including drugs that block the entry of spores
into cells, such as nystatin [18], as this could restrict recurrence and thereby, improve the
management of CDI patients.

In line with its qualitative nature, the microscopic method allowed us to visually confirm
interactions between spores and Caco-2 cells. The primary antibody used in these
experiments is directed against the hypothetical protein CD1021, which is homologous to the
spore coat assembly protein H from Bacillus subtilis encoded by cotH [126]. This protein
has also been detected in spores from C. difficile 630 and R20291 [126]. However, there is
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insufficient information about the localization and proportion of this protein in the spores of
this bacterium. The low intensity of the fluorescent signal emitted by the spore-recognizing
antibodies, compared with that of eukaryotic cells stained with DAPI, hindered a quantitative
analysis of the attached spores. It is probable that the target of the primary antibody (protein
CD1021) was not extensively distributed on the surface of the spores or that the secondary
antibody was not sufficiently sensitive to the presence of primary antibodies coupled with
their corresponding antigen. Consequently, future research should deploy antibodies in
higher concentrations or directed towards other/additional targets, to generate more intense
fluorescent signals. Also, confocal microscopy techniques could be employed to obtain more

details of the interaction between spores and epithelial cells.

4.3.2 SIpA detection and pro-inflammatory response mediation

Once spores are established in the intestinal epithelium and exposed to germinants such as
bile salts and L-glycine, the germination process is triggered, from which vegetative cells
emerge. These developmental forms are responsible for the clinical manifestations of CDI,
mainly by the production of toxins, but also through the expression of surface-associated
proteins (SAPS) that play roles in adhesion and colonization of the intestinal epithelium, i.e.
the surface layer protein A (SIpA), flagellin (FIiC), flagellar cap protein (FIiD), cell wall
protein Cwp66, and cell wall cysteine protease Cwp84 [6,127].

One of the most well-described SAPs is SIpA, the product of slpA [128]. SIpA is the primary
component of the C. difficile S-layer, a two dimensional paracrystalline lattice anchored to
the outer surface [11,127,129,130]. In general, studies on other bacteria have shown that this
layer is involved in cell shape determination, molecular sieving, transport or storage of
nutrients, host cell adhesion and immune system evasion [11], endowing cells with resistance
to bactericidal activity of complement (i.e. C3b), immunoglobuline-binding capabilities and
resistance to polymorphonuclear leukocytes in the absence of opsonins [131].

SIpA is produced as a single precursor protein, which is secreted and processed by the SecA2
secretion system and Cwp84, to generate 33-34 kDa low molecular weight (LMW) and 41-
45 kDa high molecular weight (HMW) subunits [9,130,132]. These proteins induce the
release of pro-inflammatory cytokines such as TNF-a, IL-1B, and IL-6. Furthermore, they
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participate in the maturation of monocyte-derived dendritic cells (MDDC) and antibodies
production [107,127].

Our results show the presence of two bands in SDS-PAGE gels that, despite showing
different molecular weights [9], correspond to LMW and HMW SIpA, as confirmed by MS.
These two bands were observed in all the strains evaluated, except LIBA-7857 (ST47), in
whose lane no clear evidence of a LMW band was observed. This unusual finding could be
due to degradation, variations in the proteolytic processing of the precursor protein or its
secretion mechanism, post-translational modifications that affect the migration pattern, and
sIpA sequence variability, among other factors [9,128].

When the proinflammatory response induced by SIpA preparations containing both HMW
and LMW and low amounts of other accompanying proteins was measured in vitro, all of the
Clade 2 strains tested significantly increased the levels of TNF-alpha compared to the
negative control, confirming that SIpA induces proinflammatory responses, as seen in
previous studies [133]. Strains LIBA-5700 (ST01), LIBA-5758 (ST01), LIBA-2811 (ST41),
and LIBA-6656 (ST154) induced the strongest responses, followed by strains R20291
(STO01), LIBA-7857 (ST47), LIBA-5757 (ST67), and LIBA-5809 (ST638). The increased
levels of this cytokine, and others, could contribute to the tissular damage that C.difficile
provokes in animal models and also in CDI patients [107,129].

Though the underlying mechanism that explains differences in immune response induced by
the strains has yet to be clarified, it could involve the ability of SIpA to modulate the balance
between the Th1/Th2 immune response [129]. In this regard, C. difficile SIpA stimulated
human monocyte-derived dendritic cells (MDDC) produces high amounts of IL-12p70 and
IFN-Y pro-inflammatory cytokines associated with the Th1 immune response-, as well as IL-
10 and IL-5; which are anti-inflammatory cytokines representative of the Th2 response [129].
Due to its ability to activate the immune system, SIpA should be studied as a potential
adjuvant or as part of a multicomponent vaccine against C. difficile [129].

Mouse antibodies raised against LIBA-5758 ST01-SIpA not only recognized SIpA from
other strains from the same ST, but also, to a lesser extent, HMW SIpA from other STs. By
contrast, these antibodies did not react with LMW SIpA from other strains, confirming that
HMW SIpA is more conserved than LMW SIpA [9,107,128], which has an extremely high

genetic diversity that leads to a lack of immunological cross-reactivity [9,128].
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It is also important to consider that the sequence of S-layer cassettes varies because of
homologous recombination. These modifications can be seen even among strains of the same
ST, as has been reported for ST41 [128]. Variations in SIpA sequence might lead to
increased secretion and higher proinflammatory activity, enhancing the virulent phenotype
of certain C. difficile strains [107]. Consequently, it would be relevant to determine whether
the SIpA cassettes of the strains included in this study, in particular that of strain R20291,
which induced a lower level of TNF-a compared to other isolates from its ST.

Though SIpA is attached to the cell surface, it is also part of the exoproteome, whereby the
amount and type of SIpA secreted might contribute to strain virulence in vivo [107,129]. We
did not measure this; hence, our assays could be complemented with exoproteome analyses
and an evaluation of their biological activity in animal models. It would also be interesting
to study potential differences in the levels of anti-SIpA antibodies produced by animals
exposed to SIpA extracts of our Clade 2 strains, as well as their neutralizing capacity. These
experiments would allow us to clarify whether they inhibit the adhesion of C. difficile to
epithelial cells or delay the progress of infection in animal models. Besides, it would be
valuable to study the anti-SIpA antibody production in patients infected with C. difficile, by
comparing antibody levels in early and late stages of infection to reveal response trends [133].
In any case, our in vitro data indicates that SIpA and its derived pro-inflammatory effect is
not useful to differentiate STO1 strains from strains of other STs within the same Clade.

4.3.3 Detection of flagellin and motility assays

FIiC and FIiD are SAPs involved in flagellar assembly, cellular movement, chemotaxis,
adherence, and attachment of C. difficile to the intestinal mucus layer, contribute to bacterial
survival and host colonization [8,127].

In C. difficile 630, fliC and fliD belong to the F1 regulon, which encodes late-stage genes
involved in flagellar filament synthesis. The F2 regulon contains flagellar biosynthetic glycan
genes, whereas the early-stage genes required for basal body assembly belong to the F3
regulon. However, this setup can vary among strains [134].

A bacterial flagellin purification protocol and subsequent analysis by SDS-PAGE allowed us
obtained bands of approximately 36-39 kDa that fit the flagellin 15-62 kDa molecular weight
range expected for this protein in C. difficile [119,120]. While bands were identified as
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products of the fliC gene for strains LIBA-2811 (ST41), LIBA-7857 (ST47), and LIBA-6656
(ST154), in other strains they were identified by MS as SIpA. This likely occurred due to the
similar molecular weights of flagellin and LMW SIpA, or possibly because the latter group
of strains produce smaller amounts of flagellin or have flagellin proteins of different size or
modified post-translationally through glycosylation, as has been shown for strains R20291
(STO1) and 630 [134]. Alternative methodologies could be tested in the future to increase
flagellin extraction yields and purity, and they could be complemented with WB using anti-
FIiC antibodies and MS to confirm the identity of the bands seen in the gels [119, 135].
Although flagellin detection was not confirmed for all strains (data not shown), all of them
were confirmed to be motile through assays on motility tubes and soft agar plates. No
differences were noted regarding swarming motility, yet strain LIBA-5700 (ST01) showed
lower swimming ability than the other strains.

This difference in motility can be the result of divergence or loss of flagellar regulons among
strains, together with differences in the number of flagella, as has been reported for clonal
isolates of strains such as R20291 from STO1 [134]. For instance, it has been reported that
strain R20291 (monotrichous) is less motile than strain C. difficile 630 (peritrichous) [8] but
also that strain R20291 has multiple flagella and shows increased motility compared to strain
630 [136]. Therefore, it is difficult to determine the genetic variations and mechanisms that
influence this phenotype [134]. The presence or absence of flagella, as well as their number
and position in the cell, can be confirmed by flagella staining, negative-stained electron
micrographs [8], or cryo-electron tomography (cryo-ET) [137].

Flagella may also play a role in establishing associations with human epithelial cells. Indeed,
in vitro tests have shown that strain R20291with functional flagella displays a greater
adherence to Caco-2 cells than mutants with paralyzed flagella or non-flagellated strains [8].
On the other hand, flagellar motility seems not to be essential for colonization and adherence
in mice [8]; therefore, these phenotypes need to be studied more extensively to understand
the biological role of flagella and motility during CDI development.

From our findings, it is expected that the strains under study can synthesize flagella, establish
cell-cell interactions, and produce surfactants [10]. Swarming and swimming motility allows
bacteria to move in response to chemical gradients or other signals that directs them to a

potential host. Our results indicate that the Clade 2 strains tested can swim -an advantage in
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environments with a greater presence of fluids-, and transition to swarming motility -which
would allow them to migrate on surfaces such as intestinal epithelial cells [10]-. Hence, these
motility mechanisms together could facilitate the adaptation of this pathogen to different
sections of the intestinal tract.

The presence of flagella may stimulate the immune system through the toll-like receptor
TLRS5 [138]. On the other hand, swarm cells may have enhanced resistance to engulfment by
macrophages [10] and this could facilitate CDI development and promote persistence in the
intestinal environment.

Among other factors, motility depends on virulence regulation factors, such as Cd1, a class |
cyclic diguanosine monophosphate (c-di-GMP) sensing riboswitch [138]. The increased
levels of c-di-GMP alter flagella assembly or their function, inhibiting cellular motility by
truncation of flagellar transcripts, therefore, c-di-GMP negatively regulates flagellar gene
expression, and thereby, swimming motility [139]. Motility mechanisms are also influenced
by the leucine-responsive regulatory protein (Irp). In this respect, a R20291 Irp-mutant strain
shows defects on swimming motility, possibly due to the decreased transcription of the
flagellar regulator SigD, a sigma factor essential for transcription of late-stage flagellar genes
[140]. The expression of sigD is also affected by the orientation of a genetic ON/OFF switch,
termed flagellar switch (flg switch), whose inversion is catalyzed by the tyrosine recombinase
RecV, and controls phase variable production of flagella and other virulence factors. Bacteria
expressing flg phase ON can produce flagella. It could improve the bacterial ability to
colonize the intestinal mucosa due to increased adhesion and flagella-mediated motility. On
the other hand, cells expressing flg phase OFF suffer a decrease in the abundance of early-
stage flagellar gene transcripts and are, in consequence, non-flagellated. This phenotype
could result in evasion of recognition by TLR5, as the absence of flagellin would decrease
the activation of the inflammasome and the production of antibodies [138].

Considering the information presented in this subsection, it is unlikely that the strains
evaluated differ with regard to the expression of the aforementioned regulatory mechanisms.
In our hands, motile behavior did not differentiate some strains STO1 from strains from other
STs of the same Clade. Therefore, these factors appear not to be crucial in the establishment

of the higher virulent phenotype associated with the STO1 strains.
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4.3.4 Biofilm formation

Biofilms are sessile, surface-associated, microbial communities [12] immersed in a matrix
generally composed of bacterial proteins, such as SIpA and flagella -in the case of C. difficile
[8,12,13,119]-, DNA, and surface polysaccharides [12,49]. They protect bacteria from stress,
such as exposure to antibiotics and host immune response, and promote a better host
colonization [12,13]. For this reason, we evaluated the in vitro biofilm formation ability of
our C. difficile Clade 2 strains at different times.

All strains formed biofilms without differences at 24 and 72 h, with decreases in biofilm
formation ability over time. The least abundant biofilms were seen at 120 h, when the results
obtained for strains LIBA-5700 (ST01), LIBA-5758 (STO1), and LIBA-2811 (ST41) were
indistinguishable from the values obtained for the negative control. These results are
consistent with other studies, where the maximum level of biofilm formation showed by
strain R20291 (STO1) at 24h gradually dropped until reaching a minimum at 120 h [12].

It has been determined that the early stages of biofilm establishment are more affected by
abnormalities on SIpA and the processing of its precursor protein than by flagella, which are
more important at later stages [12]. Based on this notion, and on studies dealing with the
flagellar switch [138], variations in flagellar expression could have caused the reduced
biofilm formation detected for some strains at 120h.

Biofilm formation also depends on c-di-GMP, which inversely modulates motility and cell
aggregation [139]. High levels of this second messenger promotes clumping of C. difficile
cells, and therefore, biofilm formation by increasing adhesins production, as well as
extracellular components [139]. Although the levels of c-di-GMP were not measured as part
of our assays, it would be interesting to determine whether the concentration of c-di-GMP
changes over time between the strains in a distinctive way.

Biofilm formation is also modulated by the expression of CwpV, a surface protein which
promotes cell aggregation [141]. This protein, which together with SIpA constitute the S-
layer, shows a phase variable expression regulated by the CwpV switch [141,142]. Bacteria
on phase ON produce cwpV full-length transcripts and consequently express the protein,
while transcripts produced in the phase OFF adopt a stem loop structure that induces
transcription termination [142]. The inversion of this switch is regulated by RecV, the same

regulator of the flagellar switch [138,141]. This coincidence evidences that flagellar
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regulatory system is part of a complex system for the control of virulence factors, including
toxin production, which is positively regulated by transcription of genes of the F3 regulon,
while the expression of F1 genes decrease the transcription and secretion of toxins [143].
These regulatory mechanisms are beyond the scope of this work; however, they should be
studied in future research, since they could modulate biofilm formation capacity, in vitro,
and in vivo, between the strains.

Our results showed no differences between the strains in the initial and intermediate stages
of biofilm formation, although in the late-stage some STO1 strains and the ST41 strain tested
reduced their formation capacity. Nevertheless, biofilm formation capacity does not seem to
be a characteristic to which the highly virulent phenotype of the STO1 strains can be
attributed.

The human gut is distinguished by a great diversity of microorganisms that establish complex
relationships with each other [144]. In this respect, our analysis is limited and partial, since
biofilm formation was tested using pure cultures. Furthermore, our assays do not allow us to
evaluate interactions with potential receptors on intestinal epithelial cells or the influence of
stress factors on biofilm synthesis. These limitations could be partially solved by studying
biofilm formation capacity in animal models and through the parallel analysis of mutants for
biofilm-related genes [12,141]. Finally, the architecture and composition of these biofilms
could be analyzed by confocal microscopy. Similar experiments in the past have proven
useful to detect correlations between antibiotic resistance and persistence shown by certain
strains [145].

4.3.5 Quantification of toxin B and characterization of effects induced by
glycosyltransferase activity

Toxins TcdA and TcdB are the major virulence factors of C. difficile and elicit CDI clinical
manifestations [1]. Their encoding genes are located in a chromosomal region named the
Paloc, along with genes that encode regulators of toxin expression, TcdR, and TcdC, as well
as TcdE, a putative holin associated with toxin secretion [1,60,146].

TcdB is a 270 kDa cytotoxin that harbors a glycosyltransferase domain (GTD) [58]
responsible for modifying GTP-binding proteins (GTPases) from the Ras superfamily, such
as RhoA and Racl, among others [15]. These targets are molecular switches involved in

several cellular processes, including regulation of the cytoskeleton, migration, intracellular
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traffic and other crucial activities [15]. Depending on the affinity of isoforms of TcdB for
different substrates, they are classified as classic or variant, as defined by the type of
morphological changes that they trigger in eukaryotic cells. [43,58,82].

Based on the essential role of TcdB in C. difficile virulence [39], different strains have been
compared regarding the amounts of toxin produced, their amino acid sequences, distribution,
and biological activity [41]. TcdB is highly diverse, and their natural variants, which have
arisen due to recombination and horizontal gene transfer events, are classified into eight
subtypes (TcdB1-TcdB8) [41]. Changes in the sequence of TcdB could be selected through
an enhancement in virulence and possibly by immune evasion, triggering a different
relatedness with animal and human diseases among TcdB variants [41,60].

As indicated in Table 3 from Chapter I, Clade 2 members have either TcdB2 or TcdB4.
TcdB2 is the most extensively distributed isoform within this clade, followed by TcdB4,
while some rare strains (i.e. from STs ST41 and ST67) can harbor either TcdB2 or TcdB4.
We characterized seven clinical isolates regarding their toxin production levels, as well as
their effect at the cellular level in vitro, as a consequence of toxin glycosyltransferase activity
on two GTPases. We observed that LIBA-5700 (ST01) and LIBA-5758 (STO01), together
with ST41 and ST154, secreted the highest amount of TcdB, followed by the R20291 (ST01),
ST47, ST67 strains, and lastly, LIBA-5809 (ST638), which produced the least amount of
toxin, according with densitometric measurements.

Strains can produce different amounts of toxins because of genetic variations, growth
conditions, and the influence of regulatory mechanisms that also coordinate other metabolic
processes in response to environmental stimuli [147]. TcdA and TcdB hyperproduction has
been mainly attributed to an 18 bp deletion and a frameshift mutation in tcdC, the encoding
gene for the negative regulator of toxin synthesis [52,53,58,148]. This mutation is present in
strain LIBA-5758 (STO01) [52], LIBA-5757 (ST67) [58,86], and LIBA-2811 (ST41) strains
[104]. However, this is subject of debate because tcdC mutations have not been reported for
other strains considered as “hyperproducers” of toxins A and B. On the other hand, strains
with truncated tcdC alleles do not always hyperproduce toxins, as has been reported for
R20291 (STO01) [148-150], and as observed for LIBA-2811 (ST41) here. Besides, restoration
of chromosomal mutated tcdC to wild type in R20291 (STO01) did not affect toxin synthesis

[149], suggesting that TcdC is not a major determinant for C. difficile hypervirulence. Several
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studies failed to detect an association between toxin production and tcdC genotype or disease
severity [148-150]. These contrasting results evidence that genomic information needs to be
complemented with phenotypic analyzes such as those carried as part of this study, as well
as with animal models assays such as those performed by Orozco-Aguilar et al., to determine
the in vivo biological effects of toxins [29].

C. difficile strains, such as R20291 (STO1), have TcdC-independent regulation of toxin
synthesis, that involves proteins codified by quorum signal generation and response pathways
genes, such as the Arg quorum-signaling system [151]. It has been reported that inactivation
of Arg components decreases toxin production in R20291 (ST01), thus, abnormalities on
those proteins could repress expression of toxin genes and lead to colonization defects [147].
Global transcriptional regulators involved in the modulation of several metabolic processes,
such as the Lrp, have been recently described to modulate toxin expression among C.difficile
strains [140]. In this regard, strains with non-functional Irp produce significantly higher
levels of toxins than those with the wild type allele [140].

Toxin-coding genes, traditionally located on the bacterial chromosome, can also be found in
mobile genetic elements (MGES) such as putative conjugative plasmids [28]. In agreement
with our phenotypic findings, the ST154 strain studied here carries an MGE-associated tcdB
whose product is expected to induce a Clostridium sordellii-like cytopathic effect [28]. In
addition to its plasmid-borne tcdB, ST154 carries a different tcdB allele on a chromosomal
PaLoc. The contribution of these two tcdB alleles to CDI remains unclear [28], however, it
could affect toxin expression and be related to the toxin hyperproducer phenotype detected
by us. A deeper study of the regulatory mechanisms mentioned above has the potential to
clarify the differences in toxin production and cytopathic activity seen among our strains.
Toxin production may be part of adaptive strategies in response to environmental conditions,
such as nutritional signals. Glucose and other rapidly metabolized carbon sources, as well as
the presence of proline and cysteine, inhibit toxin gene expression through different
regulatory mechanisms [147]. Also, the presence of second messengers involved in the
regulation of several virulence factors, such as c-di-GMP, decreases the transcription of toxin
encoding genes and the positive regulator tcdR [147,152]. Toxin synthesis is also influenced
by the temperature to which the bacteria are exposed, the phases of the growth curve, as well

as by the exposure to sub-inhibitory concentrations of certain antibiotics, among other factors
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[146,146]. Therefore, it would be desirable to repeat our toxin related analyses in living
systems.

The identity of the bands with the molecular weight expected for TcdB (270 kDa) [1,146]
was confirmed through a WB assay in which positive signals were confirmed to be TcdB by
MS [58]. The resulting bands speak in favor of immunorecognition variations among the
strains, since TcdB produced by ST47 and ST67 strains was more intensively recognized
than those of strains R20291 (STO01) and ST638, which exhibited higher or similar
densitometric measurements, respectively. These four strains presumably express TcdB2
[41], but there is a chance that their toxin gene sequences vary subtly, at least at the antigenic
level. ST67 is predicted to harbor TcdB2 or TcdB4, which could imply an additional source
of immunorecognition variability.

To better understand these results, it is necessary to analyze the toxin sequences of these STs.
Furthermore, it is desirable to perform quantitative label-free mass spectrometry to accurately
quantify the amount of toxin secreted by each strain [153] and to study their effect of other
GTPases.

Consistent with preceding studies, we observed that strains causing classical CPE, such as
STO01 and ST47, glycosylate RhoA and Racl, while ST41 and ST67 strains showed a reduced
ability to glycosylate RhoA. Additionally, it has been reported that both toxins glycosylate
Rapl, Rap2, and R-Ras at low levels. Cdc42 is also modified by classic TcdB, and to a much
lesser extent by variant isoforms [41,58].

The analyzed ST41 and ST67 strains elicit a variant CPE, probably associated with TcdB4,
even when they could also harbor the TcdB2 subtype [41]. We cannot rule out that the ST154
and ST638 strains tested may have more than one toxin subtype, as ST41 and ST67 do, but
it is anticipated that the toxin produced by ST154 is TcdB4, and that the toxigenic phenotype
in ST638 is similar to those of strains with TcdB2, based on to the CPE they induce and the
GTPase glycosylation profile detected.

Remarkably, RhoA was more evident in cells treated with supernatants containing toxins
from LIBA-2811 (ST41), LIBA-5757 (ST67) and LIBA-6656 (ST154), than in non-
intoxicated cells, confirming that its overexpression represents a compensatory response

mechanism [43].
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The observed differences in toxin activity are a consequence of variations at the sequence
level between TcdB2 and TcdB4. They share similar CROPs (combined repetitive
oligopeptides) and RBD (receptor-binding) domains, but their GTD (glycosyl-transferase)
domains differ [58], which is enzymatically responsible for the inactivation of the GTPases
that lead to host cellular dysfunction.

Regarding cytopathic potential , although the titers recorded are lower than those reported by
our group in previous studies [82], we also observed that the high cytopathic activity induced
by STO1 is not distinct from that recorded for ST67 and ST41 strains. These results suggest
that this activity and the kinetics of CPE formation do not depend directly on the amount of
toxin produced by the strains or the type of CPE that they induce.

It should be noted that toxin A and binary toxin (CDT), whose expression has been reported
for strains such as ST01 [61], ST67 [58,86], and ST41 [154], also mediate cytotoxic activity
and cytopathic effects. In this respect, though beyond the scope of this thesis, an in-depth
functional characterization of TcdA and CDT produced by Clade 2 strains should be included
in future studies.

Our results did not allow us to establish a correlation between the amount and type of toxin
produced by each strain and its cytopathic potential. Thus, impact of these features on

virulence levels associated with Clade 2 strains remain unclear.

4.3.6 Spore response to sodium dichloroisocyanurate (NaDCC)

Some C. difficile Clade 2 strains, such as R20291 (ST01) have been associated with increased
transmissibility, CDI prevalence, and severity [16]. Spores are at least in part responsible for
the persistence of C. difficile in patients, and their horizontal transmission [6]. It is estimated
that a CDI patient can excrete between 1x10% and up to 1x107 spores per gram of faeces
[7,16]. These excreted spores can remain viable in the environment for long periods where
they can resist the activity of commonly used disinfection agents [155-158].

Our in vitro assessment of NaDCC showed indistinguishable differences in log reductions
for all of the strains tested, suggesting that they do not possess factors that confers significant
resistance to NaDCC under the studied conditions. Resistance of spores to disinfectants is
mediated by variations in the cortex, spore coat, and the exosporium [6,159], which in C.
difficile include the products of genes such as spolVA, cotA, cotB, cotCB, cotD, cotF, cotG,
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sodA, bclAl, bclA2, bclA3, cdeC, and cdeM [6,160]. Based on the results obtained, no
significant differences in the sequences of these genes are expected among the strains studied,
or alternatively, if there are some variations, they would not be sufficient to induce a
significant difference in resistance to NaDCC in our assay. It would be useful to investigate
these gene sequences to have a more complete picture of possible changes distributed
between the Clade 2 strains, even when those differences at the sequence level are not directly
associated with a significantly increased or decreased resistance to NaDCC. Eventually, if a
strain shows important variations in its response to NaDCC, the knowledge acquired at gene
sequence level would help to identify the differences most likely involved in the induction
of that phenotype. Also, strains could share a very similar mutation profile and display
different resistance phenotypes, as well as the contrary.

Besides, environmental and physiological factors, as well as the presence of efflux pumps or
ABC transporters and other proteins that interact with external stimuli, play an important role
in the spore resistance to biocidal agents [16].

The outermost layers of the spores are related to hydrophobicity and adherence to organic
and inorganic surfaces [17]. It has been observed that spores lacking the exosporial layer are
less hydrophobic, show reduced adherence to surfaces, and are more susceptible to NaDCC,
which evidences the contribution of structural variations in terms of susceptibility to biocidal
agents [17]. Furthermore, the spore coat possibly acts as a permeability barrier that hinders
the entry of nonspecific molecules to the spore, and in conjunction with the exosporium,
protects the enzymes and DNA from harmful molecules and chemicals [17]. Additionally,
the cortex probably contributes to the resistance maintaining the dehydration of the spore
core. The decreased water level and high viscosity prevent the diffusion of water-soluble
antimicrobial agents such as chlorine [159].

Our assay could be complemented with analyzes that study the structure of the spore through
transmission electron microscopy (TEM), and also its relative hydrophobicity, which would
allow establishing a correlation between the presence of exosporium in the spores and the
level of susceptibility to NaDCC shown by them. It could also reveal whether the spores
undergo any structural change after exposure to the disinfectant, which affects phenotypes

beyond their viability, such as their adherence to surfaces [17,161].
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Moreover, NaDCC activity against spores from Clade 2 strains should be assessed on
different surfaces, such as contaminated stainless-steel pieces, floors, bed, gowns, curtain
rails, soap dispensers, among others, to obtain a more relevant estimation of the in situ

effectiveness of this agent [157].

5. Closing remarks

This investigation constitutes the most extensive comparison of STs from the MLST Clade
2, including a literature review and in vitro experiments for characterizing virulence-

associated phenotypes of relevance at different stages of CDI development.
Our narrative review demonstrated:

e A lack of available information for most Clade 2 members.

e That current evidence does not support the widespread view that “hypervirulence” is
a common feature within this clade.

e A need for continuous and active surveillance programs to capture more Clade
isolates

e The need to combine exhaustive genomic and phenotypic studies with patient data
and clinical parameters to deepen our understanding of the epidemiology and

pathogenesis of Clade 2 STs.

The experimental part of the thesis, in turn, is summarized in Table 6.
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Table 6. Virulence-associated phenotypes of representatives of 6 STs from the C. difficile
MLST Clade 2.



STO01 ST41 ST47 ST67 ST154°V| ST638
Assay? R20291 LIBA- LIBA- LIBA- LIBA- LIBA- LIBA- LIBA-
5700 5758 2811 7857 5757 6656 5809
Spore 86.26 + 86.86 + 83.81 + 85.66 + 85.48 + 84.89 + 83.56 + 82.99 +
adherence to 3.97 5.25 0.88 0.81 1.53 1.68 1.52 2.75
ECC (%)
SIpA ST-dependent expression of SIpA isoforms with different apparent molecular weights.
detection and ST-d dent i ic similarit
associated -dependent immunogenic similarity.
antibody
response
SIpAand pro- | 815.20+ | 1338.13 | 1452.06 + | 1562.40 + | 1041.70 + | 669.43+ | 1343.96+ | 8835+
immflamatory | 146.65 + 66.62 82.87 36.43 74.14 77.14 97.98 168.52
response
mediation
(TNF-a,
pg/mL)
o 164 + 1.46 + 143 + 1.48 + 1.44 + 1.39+ 1.68 + 1.78 +
E £ 0.24 0.18 0.24 0.18 0.16 0.16 0.28 0.46
s S
<
-Z’ (p]
:Tg 2.84 + 2.08 + 2.48 + 2.71 + 2.77 + 2.67 + 2.84 + 2.61 +
S E’ 0.46 0.21 0.67 0.51 0.39 0.49 0.41 0.82
EE
ES
=
(p]
24h 0.20 + 0.23 + 0.19 + 0.21 + 0.21 + 0.22 + 0.18 + 0.21 +
IS o 0.17 0.03 0.04 0.06 0.05 0.03 0.05 0.05
E E 72h 0.20 + 0.17 + 0.19 + 0.17 + 0.18 + 0.21 + 0.19 + 0.20 +
“2 § 0.04 0.04 0.08 0.06 0.05 0.07 0.05 0.05
= QO
5 < | 120h 0.17 + 0.12 + 0.14 + 0.13 + 0.19 + 0.17 + 0.21 + 0.19 +
@ 0.04 0.03 0.04 0.04 0.06 0.06 0.07 0.07
TcdB subtype | TcdB2 TcdB2 TcdB2 TcdB2 TcdB2 TcdB2 TcdB4 TcdB2
TcdB4 TcdB4
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Quantification Non- Increased | Increased | Increased Non- Non- Increased Non-
of secreted increased increased | increased increased
TcdBP
CPE Classical | Classical | Classical Variant Classical Variant Variant Classical
Host cell RhoA RhoA RhoA Racl RhoA Racl Racl RhoA
targets of
glycosyltransf Racl Racl Racl Racl Racl
erase activity
Spore 4.60 + 482 + 3.82 + 5.10 + 455 + 3.59 + 485 + 4.84 +
susceptibility 1.07 0.65 0.52 0.05 0.93 0.64 0.78 0.47
to NaDCC
(logarithmic
reduction
factor)

2 Results in bold correspond to statistically indistinguishable results

PNon-increased: band density below 400, increased: band density above 400.

Altogether, these results demonstrate that the studied STs show great similarity regarding:

i) Spore adherence to intestinal epithelial cell.

ii) Motility capacity.

iii) Initial and intermediate stages of biofilm formation.
Iv) Spore susceptibility to NaDCC.

The three former results suggest that the studied strains share characteristics of relevance in

the intestinal colonization process. Besides, the comparable susceptibility of their spores to

NaDCC is unlikely to influence their spread capability.

The studied strains SIpA  with different

immunorecognition, and pro-inflammatory potential. This response was significantly

express molecular  weights,

increased in cells exposed to STO1 proteins, but this was also seen for some non-ST01
strains (i.e., ST41 and ST154).

Biofilms formed by some STO01 and ST41 strains reduce their stability at 120 h.
TcdB high level production was shared by some ST01, ST41, and ST154 strains.
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While TcdB produced by strains ST01, ST47, and ST638 induce a classical CPE,
strains from ST41, ST67, and ST154 induce the variant CPE, as a result of the
modification of different intracellular targets. These observations suggest that toxin
overproduction and the type of CPE induced as a result of the glycosylation of

different GTPases do not determine the “hypervirulent” phenotype described for
STO1 strains.

In summary, we confirmed that STO1 and non-STO1 strains share virulence-associated in

vitro phenotypes. The factors studied do not explain the increased in vivo virulence reported

for the STO1 strains compared to the non-STO1 strains by Orozco-Aguilar [29], suggesting

that this is a multifactor phenotype.

It is recommended that this work is complemented with experiments such as:

Structure-visualization techniques, including immunofluorescence microscopy,
TEM, or cryo-ET, to analyze in depth the spores, S-layer, flagella, and biofilms of
the strains. These experiments would also allow the detection of alterations after
exposure to antibiotics or disinfectants.

Analysis of the presence of SIpA in the exoproteome, as well its biological effects in
animal models. In addition to the study of the neutralizing capacity of antibodies
against these proteins, obtained by animal immunization.

Determination of the in situ effectiveness of other sporicidal disinfectants.
Determination of variations in the sequences of genes related to the production of
spores and the expression of SIpA, flagella, and toxins, among others, as well as their
regulatory mechanisms.

In-depth comparison of genetic elements related to antibiotic resistance, as an
indicator of possible obstacles in the treatment of CDI produced by different strains

and their dissemination capacity.
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