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CHAPTER 1

The human microbiome

Humans are colonized by microorganisms at different body sites, such as in the
oral cavity, on the skin and in the gut. It is estimated that bacterial cells outnumber
somatic cells (approximately by a factor of 1.3) and they certainly contain a much
wider repertoire of genes than encoded by the human genome'. These numbers do not
yet take into account other crucial, but understudied, components of the microbiome
such as viruses, archaea, fungi and other eukaryotic microorganisms. Defining and
distinguishing ‘microbiota’ and ‘microbiome’ remains a somewhat controversial topic
and one for which extensive debate will likely remain for the coming years. A consensus
statement from 2020 defined microbiota as “the assemblage of living microorganisms
present in a defined environment” while microbiome was defined as not only including
the community of microorganisms, but also their “theatre of activity”?. One of the first
large-scale projects to characterize microbial communities at different human body
sites was the Human Microbiome Project (HMP), officially launched in 2007**. The
HMP contributed important biological discoveries such as the notion that functional
capacity of the microbiome is very stable within a healthy adult over time, but also
highly similar between adults, in contrast to taxonomic composition (Figure 1)%
While taxonomic composition varied between individuals, general patterns could still
be noticed. Most individuals’ gut microbiome was dominated by either Firmicutes or
Bacteroidetes, with three other phyla (Actinobacteria, Proteobacteria, Verrucomicrobia)
being less abundant, but still prevalent. The notion of functional stability between
individuals despite taxonomic differences was not only true for the gut microbiome,
but also for all other investigated body sites, which included the buccal mucosa, tongue
dorsum and anterior nares, amongst others (Figure 1)*. In addition, they also released
several freely available computational tools (most notably MetaPhlAn for taxonomic
profiling and HUManN for functional profiling) which are used by many researchers
to this day? > ¢. Since the launch of the HMP, the HMP and many other research groups
and consortia have uncovered that the microbial communities colonizing humans are
crucial for maintaining health, and many diseases have been associated with changes in
these communities. For example, the gut microbiome can contribute to human health by
producing short-chain fatty acids, synthesis of several vitamins and providing resistance
against colonization of incoming pathogens’-*. While microbiome research is performed
on different body sites, the gut remains the most intensely studied body site.



CHAPTER 1

-,uonearqnd wnniosuod JINH U} WOoJ PAAILNIY
*9SBAIO IR[NOLINBOIRI )Y "SIe}Iqey Apoq JuaIdJIp ay) 19A0 sAemyied pue e[Ayd juepunqe jsowr ‘93eIoAe Uo Oy jedIpul spuada (q) erep Jurouanbos
un3107s JIWOUdFLIOW WOIJ PAUTRIQO SI[NPOUW JI[0qeIdW pue (B) BIRP S9[ WO Paureiqo (sN L) Siun oruouoxe) [euonerdodo Wolj 9ouepunqe dANR[AI
Juasardar s)reyo req payoe)s [eonIdA ‘uonendod Ayijeay e uryiim d[qels urewar skemyjed O1[0qRIOW AIYM SOLIBA BXE) [BIqOIJIW JO dFBLLIR)) (T NI

XIUJO} JOLBISO4 10018 wnsiop anbuo] anbed [eaibuibeidng  esoonwi [BOONg DY SSIBU JOUBJUY

DI QURLE
SWosSOqIY
wsnogelaw supiuuiy
VN Hioecunuy
waysAs podsues) PIOE CURLE PUE B1eYdsoyd
SISBUIAS o1y

. A ! A
Tt e A A e A A AN N S A Frnl S L AN .)}t!(l_l.(l«l?\\ g

L e B

wsis 1ohicd pue 9]
SISBYIUASOR) URUEIA PR 2010800
WSIOQRIoW RIPAYOGIED [RAUSD

BRiaRinnil

shemyied oljoqelsy  q

13



CHAPTER 1

Development of the gut microbiome research field

The gut microbiome research field has emerged as an independent research field over the
last fifteen to twenty years, even though researchers have already hypothesized about the
role of the gut microbiome for far longer. For example, Theodor Escherich (after whom
Escherichia coli was named) stated that it was crucial to study the microorganisms in
the gut to understand (patho)physiological processes in the intestine in a publication
from 1885°. The major breakthroughs in this field have been made possible by the
advent of next-generation sequencing (NGS) technologies, which became more widely
adopted in the first decade of this century due to the decreasing costs. NGS allows for
characterization of entire microbial communities, which was not possible with traditional
microbiological methods (e.g. culturing) or older sequencing methods such as Sanger
sequencing. It should be noted that shotgun metagenomic sequencing (one variant of
NGS) was already applied on environmental samples (by Craig Venter, amongst others)
before it was widely adopted by the human microbiome field'.

One of the early milestone papers in the gut microbiome field is a study by Turnbaugh
et al. Here, the authors showed that obese mice had a gut microbiome with increased
capability for energy harvest from the diet and causally linked the gut microbiome to
the pathophysiology of obesity through a series of elegant experiments''. This included
transplanting feces from obese mice into gnotobiotic mice, which led to a greater increase
in body fat than when gnotobiotic mice received a fecal microbiota transplantation from
lean mice. This study was one of the first to not only find a correlation between the
gut microbiome and disease, but to causally link the two, and subsequently triggered a
global interest in the role of the gut microbiome in human health and disease.

Most studies in the early days of microbiome research were observational studies
where 16S rRNA gene amplicon sequencing of hypervariable regions was performed
to compare patient groups, and differences in gut microbiota composition would be
associated with disease or health parameters. Using 16S rRNA as an evolutionary marker
for classifying bacteria was proposed by Carl Woese and George Fox for the first time
in 1977 and preceded the first efficient sequencing technique for the 16S rRNA gene by
almost ten years'> 3, While 16S rRNA gene amplicon sequencing can be highly valuable
for understanding differences in microbiota composition, sequencing of the 16S rRNA
gene only provides accurate taxonomic classification up to the genus level and does not
provide functional information. Deeper resolution, or application of different methods,
is necessary to obtain a more systemic image of the composition and function of a
microbial community' . In recent years there has been an increase in the number of
studies employing metagenomics (sequencing of all DNA in a sample), metabolomics
(measuring the metabolites in a sample) and to a smaller extent metatranscriptomics
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(sequencing all RNA in a sample) and metaproteomics (measuring all proteins in a
sample). Metagenomics allows for accurate taxonomic classification at species level,
and sometimes strain level, and for profiling functional potential. While presence of
a gene can be detected using metagenomics, this does not necessarily mean that the
gene is expressed. This is why metatranscriptomics and metaproteomics are becoming
increasingly important, as these techniques directly measure transcripts and proteins's.
In addition, the metabolome is viewed as a functional readout of microbial metabolism
and provides an important link between composition and function (Figure 2)'¢.

06\:}@% Czi?
Microbial communlty
DNA RNA Protein Metabolites

In this thesis? L“_Targeted ) (“Metagenomlc ‘ Metatranscnptomlc Metaproteomics H—VMetabolomlcs ‘
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&

Figure 2: Multi-omics to investigate microbial communities. Each method provides specific
information about the community and methods are generally complementary. The computational
tools used in this thesis to process raw data are indicated, as well as the main tool used for
statistical analysis (R). The reason for choosing these tools is further explained in the section
below and in the respective chapters where they are employed. Logos of the tools are obtained
from their respective publications and corresponding material'7-2¢.

Application of -omics techniques (metagenomics, metabolomics, metatranscriptomics,
metaproteomics) pose bioinformatic and computational challenges. Expert knowledge
is generally necessary to process raw data obtained from these techniques and extensive
computational infrastructure can be required. At the Leiden University Medical Center,
researchers are fortunate enough to have the luxury of working on a high-performance
computing cluster, which allows for processing of large amounts of (sequencing) data.
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Shotgun metagenomics and 16S rRNA gene amplicon sequencing data have been
processed in this thesis using a variety of techniques (Figure 2). For 16S rRNA gene
amplicon data we have used and evaluated two different tools (QIIME 2 and NG-Tax)'”
18 and concluded that both methods work very well in combination with the SILVA
database, which is the most often used database for 16S rRNA gene amplicon data'®
7. An enormous variety of tools exist for taxonomic profiling of shotgun metagenomic
data®. In this thesis we opted for the mOTUs tool, as it uses single-copy marker genes
for taxonomic profiling and thereby allows (as one of the very few, if not the only tool)
for accurate estimation of bacterial cell numbers?. For functional profiling, we used the
golden standard databases for metabolism (Kyoto Encyclopedia of Genes and Genomes,
KEGG) and carbohydrate-active enzymes (CAZy)*> 2. Lastly, for resistome profiling we
opted for the MEGARes 2.0 database, as it has manually curated hierarchical annotation
from antimicrobial resistance genes to antimicrobial resistance mechanisms which
greatly facilitate interpretation of results?*.

After data pre-processing, when matrices of e.g. bacterial species or metabolites are
obtained, these matrices generally contain hundreds to thousands of features. This
requires the use of specialized statistical software such as R* and advanced statistical
techniques which can deal with the ‘curse of dimensionality’, whereby more features
than samples are present. It needs to be emphasized however that integration of multiple
-omics techniques should not be the endpoint of a microbiome study, but that findings
should be taken back into the wet lab. Before taking findings back into the wet lab, it is
important to be as confident as possible about computational findings, and ideally these
would be confirmed by re-using data from previously conducted studies on a similar
topic. This is currently often hampered by the use of different methods between research
groups, which by itself can induce large variation in outcomes.

Technical opportunities and challenges for the (gut)
microbiome field

Standardization of sample processing methods

Performing a clinical microbiome study typically involves multiple steps including
sample collection, sample processing and choice of DNA extraction method and
sequencing method?”?. The use of different methods at each step in the workflow of
a microbiome study complicates comparing results from different studies, as these
technical factors affect the obtained profiles?”. Research consortia have been set up to
identify an optimal workflow for processing fecal samples, but this has not led to its
widespread adoption across the research community?’. This is unfortunate, as this would
allow for more efficient re-use of (sequence) data from studies. Re-use of data becomes
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crucial when researchers perform meta-analyses to identify robust disease-associated
microbial signatures. While meta-analyses have been highly informative despite
technical differences between studies®®, such an approach may fail when the disease
or variable of interest is associated with more subtle changes in the microbiome. In
such cases, technical variation may overshadow the biological signal. Standardization
of sample processing methods would facilitate meta-analyses to allow for identification
of both prominent and subtle disease-associated microbial signatures.

Biological samples with low bacterial biomass: contamination versus biological
signal

In recent years, the concept of contamination (the occurrence of sequence reads in a
sample which belonged to a microbe not originally present in the sample) has gained
recognition®'. When conducting a microbiome study using biological samples with a low
bacterial biomass, like tumor tissue or urine, contamination can pose huge challenges.
Nowadays, an increasing number of researchers is including positive and negative
controls into their microbiome studies, which is an encouraging trend. At the Center
for Microbiome Analyses and Therapeutics, we always include positive controls in the
form of mock communities (both cell-based and DNA-based) and negative controls
in the form of blank DNA extractions and blank samples for sequencing. For low-
biomass samples, it may also be important to include negative controls during sample
collection, although it should be noted that this is not always feasible. The inclusion of
such controls in other studies has, amongst others, led to debunking of the claim of the
existence of both a placental microbiome and a brain microbiome®* *. In table 1 studies
that investigated low-biomass samples but did not include appropriate controls are listed
(which, importantly, does not necessarily mean that results are not valid)*.

Table 1: An overview of ten studies which did not report the use of appropriate controls, thereby
making it impossible to properly judge the reported results. As can be seen in the last column, a
variety of low-bacterial biomass samples is studied for containing a potential microbiome.

Authors Year Journal Investigated location
Aagaard et al. 2014  Science Placenta
Schierwagen et al. 2019  Gut Blood
Al Alam et al. 2020 The American Journal of Respiratory and Critical Care Medicine Fetal lung tissue
Branton et al. 2013 PloS One Brain
Gosiewksietal. 2017 European Journal of Clinical Microbiology & Infectious Diseases Blood
Willis et al. 2020 Scientific Reports Eye tears
Hieken et al. 2016 Scientific Reports Breast tissue
Borewicz et al. 2013 FEMS Microbiology Letters Bronchoalveolar
lavage fluid
Cavarretta et al. 2017  European Urology Prostate tissue

Fouts et al. 2012 Journal of Translational Medicine Urine
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Another debated topic is the existence of a tumor microbiome and its function, which
potentially has strong clinical relevance®. A recent and very extensive study has looked
into the tumor microbiome at several locations in the human body?*®. While this paper took
all possible precautions during sample collection, processing and data analysis to avoid
and exclude contaminations, it is not unlikely that some contamination signal has ended
up in their final data®®. It must be noted here that it remains unclear for now what to do
with information provided by positive and negative controls for potentially correcting
microbiota profiles. Nevertheless, important conclusions can be drawn from these
controls. For positive controls, it can be judged whether different steps in the workflow
(e.g. DNA extraction and sequencing) can induce technical variation. Negative controls
are especially valuable for interpretation of low-bacterial biomass samples, as negative
control profiles can be compared with those of the low-biomass samples. In case these
are highly similar, this suggests that the microbiota profile of the low-bacterial biomass
sample is not reflecting a biological profile, but may rather be a result of contamination.
Some methods have been developed to ‘clean’ potential contaminants from microbiome
data based on control data, but no consensus has been reached in the scientific community

3739 Therefore, at

on how to exactly deal with contamination in low-biomass samples
this point, controls mainly serve to verify whether DNA extraction, sequencing and
bioinformatic processing have been conducted successfully. In conclusion, it remains
highly challenging to separate contamination signals from biological signals in samples
with a low bacterial biomass and an important future challenge of the microbiome field

is to discover what represents real biology in these cases.

State-of-the-art computational methods to profile microbiomes

Traditionally, the first step of a microbiome study after obtaining sequence data involves
the accurate identification and estimation of relative abundance (taxonomic profiling)
of the microorganisms in a sample. The most often applied technique for this purpose
is 16S rRNA gene amplicon sequencing. This usually involves amplifying a short
hypervariable region of the 16S rRNA gene and hereby profiles the bacterial fraction of
the microbiota and provides accurate identification up to genus level. Advantages of this
method are the relatively low costs and lower complexity as compared to metagenomic
sequencing. Species level classification through 16S rRNA gene sequencing could
possibly be achieved by the advent of long-read sequencing techniques, but this is not
commonly implemented yet*. However, the most often used technique for obtaining
species level resolution in a microbiome is metagenomic shotgun sequencing.

Metagenomics allows for deep resolution (accurate classification of bacterial species,
and sometimes strains) and for insight into the functional potential of the microbiome.
By sequencing all DNA in a sample, information is also obtained about other
microorganisms than bacteria, although in feces, this is usually only a minor fraction of
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reads as compared to bacteria. Therefore, tools for taxonomic profiling of metagenomes
are currently largely focused on profiling the bacterial fraction of the microbiome.

Many different tools exist for taxonomic profiling of metagenomes, but they can broadly
be divided into assembly-based methods (assembling short reads into larger contigs and
classifying these larger contigs to a reference database) and read-based methods (assign
reads to taxa by using e.g. specific marker genes)®. The selection of specific marker
genes for taxonomic profiling is not trivial, but ideally they are universal single-copy
markers and phylogenetically informative. A major advantage of single-copy markers is
that no correction for genome size of each microbe is required and a closer value to the
‘real’ relative abundance of (bacterial) cell counts can obtained. As for 16S rRNA gene
sequencing, the advent of long-read sequencing techniques may become an important
tool in metagenomics, as it may allow for achieving circular bacterial genomes using
assembly-based methods*!. Functional profiling of metagenomes is a more complex and
computationally intensive task than taxonomic profiling, as one needs to take all reads
into account and can only focus on a subset of genes when specific functionalities are
searched for. One method for functional profiling is mapping reads to a specific gene
catalog relevant for the sample under investigation, for example the Integrated Gene
Catalog for the gut microbiome*?, although other options exist®*. These genes can then
be grouped into more informative functional groups, for example KEGG orthology
(KO) groups or into carbohydrate-active enzyme (CAZymes) groups. In the context
of colorectal cancer (CRC), functional profiling allowed for detecting a shift from
carbohydrate degradation in a healthy microbiome towards amino acid degradation in
CRC?. After obtaining taxonomic and functional profiles, statistics should be performed
on the obtained matrices to answer the relevant research question and to link the
microbiome to health or disease.

Lack of golden standards for statistical analysis

After having processed raw sequencing data, researchers are faced with the challenge
of analyzing complex microbiome data. This usually involves, among others, testing
differences in relative abundance of microbial taxa between groups or associating
clinical variables with microbiota composition. However, there are no clear guidelines
or golden standards for performing such analyses. For example, for a relatively common
procedure such as differential abundance testing, many different tests are available and
expert opinions differ about which tests are optimal* %, It is probably not possible to
define one optimal test for differential abundance testing, as it is likely that the ideal
test will depend on the dataset under study. To define an optimal test, one should have
simulated data where a ground truth is known (is a taxon differentially abundant or
not). However, the question here is how to define a ground truth, as in when is a taxon
defined to be differentially abundant? While for standard differential abundance analysis
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a wide variety of tools is available, this is not the case for all analyses that researchers
wish to perform. Currently, microbiome studies are moving towards longitudinal data
collection and towards causality instead of correlations. However, tools for longitudinal
analysis specifically adapted to microbiome data (e.g. taking into account zero-inflation)
are scarce and currently available ones are probably insufficient to capture the full
complexity of the dynamics of e.g. the gut microbiome. Some tools (e.g. MetaLonDA
and MetaDprof) are available which test for differences in microbial taxa over time
between different groups*®*’, but there are no such tools available that also allow for
incorporation of covariates, which would be an important next step in development of
statistical methods for the microbiome field.

Microbiome-mediated colonization resistance

The gut microbiome has a myriad of functions which are important for maintaining
human health, and among these functions is providing colonization resistance against
incoming, potentially pathogenic, microorganisms®. The notion that the gut microbiota
can defend against enteric bacterial pathogens is far from new. For example, a paper
from 1962 described that when mice are given streptomycin prior to oral administration
of Salmonella enteridis, the resistance against this pathogen became 100,000 fold lower,
with less than 10 S. enferidis cells being able to cause an infection in 63% of mice.
In contrast, when no prior antibiotics were administered, a dose of approximately one
million S. enteridis cells was required to infect the same percentage of mice*®.

I have previously defined colonization resistance as the ability of the microbiome to
prevent colonization by exogenous microorganisms®. While in literature this mostly refers
to incoming bacterial pathogens*” %, in my opinion colonization resistance to incoming
commensal bacteria or other microorganisms such as viruses, fungi and even parasitic
worms should also be considered. Gut microbiome-mediated colonization resistance can
be conferred through several mechanisms, including nutrient competition and production
of antimicrobial compounds®. However, the complete set of mechanisms through which
microbiome-mediated colonization resistance is conferred is not completely clear yet
and it is very likely that required mechanisms are different against different (pathogenic)
microorganisms. It is critical to make a distinction between asymptomatic colonization
by a potentially pathogenic microorganism and actual infection with enteropathogenic
microorganisms whereby the pathogen causes intestinal disease. It has been shown that
colonization of pathogenic bacteria often precedes overt infection®'. Therefore, this stage
might be the ideal period for intervention to prevent infection, especially in vulnerable
populations such as hospitalized patients and nursing home residents. These vulnerable
populations usually receive a wide array of medication, including antibiotics, which are

20
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able to profoundly impact the gut microbiome and decrease colonization resistance®
52, This concept is especially well established in the case of Clostridioides difficile, as
C. difficile infection (CDI) is often observed after an antibiotic treatment. The altered
microbial environment through antibiotic administrations can allow C. difficile to
outgrow and cause infection®?. In a landmark paper from 2013 it was shown that restoring
the gut microbiome through fecal microbiota transplantation (FMT) is highly effective
for curing recurrent CDI, with cure rates up to 89%3* . This publication has paved the
way for development of microbiome-based therapeutics. However, before development
of such products can start, fundamental research is necessary for generating insight into
which commensal microorganisms can provide protection against enteropathogens.

Thesis aim

The research described in this thesis aims at identifying bacteria with potential
antagonistic properties against pathogenic microorganisms and antibiotic resistant
bacteria, and to address and contribute to technical challenges and opportunities in the
microbiome research field.

Research questions and thesis outline

The research described in this thesis can be divided into three parts. First, we aimed

to summarize the current knowledge of microbiome-mediated colonization resistance

against enteropathogens (Chapter 2) and to provide an overview of opportunities and
challenges in development of microbiome therapeutics against such pathogens (Chapter

3). In the second part, we focused on method optimization for microbiome research, both

for wet-lab and dry-lab procedures (Chapter 4 and Chapter 5). The final part describes

changes in the human gut microbiota during infection or asymptomatic colonization by
potentially pathogenic enteropathogens, including hookworm (Chapter 6), C. difficile

(Chapter 7) and multidrug-resistant bacteria (Chapters 8 and 9). We hypothesized

that we could identify bacteria or bacterial metabolites that are involved in providing

microbiome-mediated colonization resistance against these pathogens. Specific research
questions that we aimed to answer in this thesis were the following:

1. What is the current knowledge on microbiome-mediated colonization resistance
against enteropathogenic bacteria?

2.  What are the current opportunities and challenges in development of microbiome
therapeutics against enteropathogenic and antibiotic-resistant bacteria, and how can
we translate these into well-designed studies?

3. What is the impact of different DNA extraction procedures and different

21
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bioinformatic pipelines for the obtained microbiota profile? How do positive and
negative controls affect interpretation of microbiota profiles for low-bacterial
biomass samples?

4. How do we optimize detection of carbohydrate-active enzymes (CAZymes)
from (meta)genomic data using Hidden Markov models? What is the difference
in CAZyme repertoire in colorectal cancer patients and are these differences
independent of the geographical area of the study?

5. How does an infection with the helminth Necator americanus affect temporal
dynamics of the human gut microbiota?

6. Can we identify bacteria that are associated with protection from asymptomatic
colonization by C. difficile? Is it possible to understand, based on gut microbiota
composition, why some individuals develop C. difficile infection but others only
remain asymptomatically colonized?

7. Istherearole for microbiome-mediated colonization resistance againstasymptomatic
gut colonization of MDROs in nursing home residents? Is there spread of MDROs
in this nursing home?

8. Is the gut microbiome involved in providing resistance against colonization by
extended-spectrum beta-lactamase producing Escherichia coli in the general Dutch
population?

In more detail:

Chapter 2 aimed to summarize the main mechanisms by which the gut microbiome
can provide colonization resistance against enteric bacterial pathogens (nutrient
competition, production of antibacterial compounds, maintenance of a healthy mucus
layer and bacteriophage deployment). An important research field developing over the
last few years is the effect of medication on gut microbiome function, and this chapter
therefore also describes the effects of non-antibiotic medication on impacting the ability
of the gut microbiome to provide colonization resistance. Lastly, it is explained how
eight of the most common enteric bacterial pathogens have developed mechanisms to
subvert microbiome-mediated defensive mechanisms, so that they are able to colonize
the gut and cause infection.

Chapter 3 was written with the purpose of reviewing the practical aspects for
development of live biotherapeutic products (LBP)s to protect against and/or cure
bacterial enteric infection or colonization by multi-drug resistant organisms (MDROs).
This type of medication offers an excellent alternative to conventional antibiotic therapy,
as it does not damage the native microbiota and does not contribute to development
of antibiotic resistance. Emergence of highly antibiotic-resistant pathogens are of ever
increasing clinical importance, and solutions are urgently required for this, with LBPs
being a promising option. For this chapter, we collaborated with experts from Vedanta
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Biosciences Inc., a biotech company that developed several LBPs for treatment of
inflammatory bowel diseases and CDI that are currently tested in phase II and phase III
clinical trials.

Chapter 4 was designed with the rationale to investigate how variations in the
workflow of a microbiome study can impact the obtained microbiota profiles. To this
end, three different DNA extraction protocols were compared in combination with
two bioinformatic pipelines. In addition, we included positive and negative controls
in the workflow, an often overlooked matter in microbiome research. We hypothesized
that different extraction methods and bioinformatic pipelines would lead to technical
variation, but that the biological conclusions would remain the same.

Chapter 5 describes the development of a novel bioinformatic tool which profiles
CAZymes in the human gut from shotgun metagenomic data. To this end, we aimed to
extensively optimize settings of Hidden Markov models, annotate the Integrated Gene
Catalog with CAZymes and design a novel annotation scheme for substrate specificity.
The rationale for designing a novel annotation scheme was that it can be confusing to
deal with a large list of different CAZymes, rather than informative functional annotation
(e.g. dietary fiber metabolism). Lastly, we applied this tool in metagenomes of colorectal
cancer cohorts to identify colorectal cancer-specific CAZyme signatures. With regard
to these cohorts, we expected to see a decrease in fiber-degrading CAZymes in the
colorectal cancer patients, as epidemiological studies strongly suggest a link between
dietary fiber consumption and colorectal cancer development.

For Chapter 6 we aimed to investigate the effect of a helminth (Necator americanus)
infection on the bacterial gut microbiota and vice-versa. This helminth is highly
prevalent in third-world countries and resides in the duodenum. We used a controlled
human infection model, in which human volunteers were infected with this helminth
and followed longitudinally. This helminth is highly prevalent in third-world countries
and resides in the duodenum. We hypothesized that colonization and infection rates of
N. americanus would be associated with gut microbiota composition.

Chapter 7 describes a cross-sectional study in which the bacterial gut microbiota of three
groups was compared, namely CDI patients, hospitalized patients asymptomatically
colonized with C. difficile and a control group of hospitalized patients without C.
difficile. The aim of this study was to investigate whether specific bacterial signatures
were associated with resistance against asymptomatic C. difficile colonization and
against development of CDI. We hypothesized that patients asymptomatically colonized
with C. difficile would have a different microbiota as compared to patients who were
not.
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For Chapter 8 we conducted a point-prevalence study with four time points performed
in a Dutch nursing home, where we analyzed microbiota-associated risk factors for
asymptomatic MDRO colonization in a cross-sectional and longitudinal manner. In
addition, we aimed to identify clinical risk factors for MDRO colonization, to investigate
MDRO spread within the nursing home using whole-genome sequencing and we further
investigated unexpected findings from 16S rRNA sequencing of the gut microbiota
using metagenomic sequencing.

Chapter 9 describes a study which aimed to elucidate whether the microbiome provides
resistance against asymptomatic gut colonization by ESBL-producing E. coli in adults
in the general Dutch population. To this end, we collected paired fecal metagenomics
and metabolomics data from individuals, who were, or were not, colonized by this
bacterium. This study is unique in the sense that we were able to select samples from
a large Dutch population cohort (PIENTER-3). In this way, we could exclude many
common confounding factors encountered in gut microbiome research and match
colonized individuals to non-colonized individuals on several clinic variables (age, sex,
travel history and ethnicity).

Chapter 10 contains the general discussion of the research presented in this thesis, and

describes future research directions which are crucial for advancing the microbiome
field in the author’s opinion.
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CHAPTER 2

Summary

The gut microbiome is critical in providing resistance against colonization by
exogenous microorganisms. The mechanisms via which the gut microbiota provides
colonization resistance (CR) have not been fully elucidated, but include secretion
of antimicrobial products, nutrient competition, support of gut barrier integrity and
bacteriophage deployment. However, bacterial enteric infections are an important
cause of disease globally, indicating that microbiota-mediated CR can be disturbed,
and become ineffective. Changes in microbiota composition, and potential subsequent
disruption of CR, can be caused by various drugs, such as antibiotics, proton pump
inhibitors, antidiabetics and antipsychotics, thereby providing opportunities for
exogenous pathogens to colonize the gut and ultimately cause infection. In addition, the
most prevalent bacterial enteropathogens, including Clostridioides difficile, Salmonella
enterica serovar Typhimurium, enterohemorrhagic Escherichia coli, Shigella
flexneri, Campylobacter jejuni, Vibrio cholerae, Yersinia enterocolitica and Listeria
monocytogenes, can employ a wide array of mechanisms to overcome colonization
resistance. This review aims to summarize current knowledge on how the gut microbiota
can mediate colonization resistance against bacterial enteric infection, and on how
bacterial enteropathogens can overcome this resistance.
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Introduction

The human gastrointestinal tract is colonized by an enormous number of microbes,
collectively termed gut microbiota, including bacteria, viruses, fungi, archaea and
protozoa. Bacteria achieve the highest cell density, estimated to be approximately 10!
bacteria/ml in the colon V. Research has long focused on pathogenicity of microbes and
not on their potential beneficial roles for human health. Beneficial roles include aiding
in immune system maturation, production of short-chain fatty acids (SCFAs), vitamin
synthesis and providing a barrier against colonization with potential pathogens .
Additionally, the gut microbiota has extensive interactions with our immune system and
it has been associated with many immune-mediated diseases both in and outside of the
gut 9, Over the last ten years, there has been an increased interest in elucidating the
bidirectional relationship between gut microbiota and human health and disease. This
has been partly propelled by improved sequencing technologies, allowing the profiling
of entire microbial communities at high efficiency and low costs ©.

Hundreds of different bacterial species inhabiting the healthy human gut have been
identified 7- ®. Initial studies seeking to elucidate the relationship between human
microbiota and health and disease were largely observational; gut microbiota composition
would be compared between diseased and healthy groups and subsequently associated
with clinical markers . Currently, the field is moving towards more functional and
mechanistic studies by including other —omics techniques.

In healthy individuals, the gut microbiota provides protection against infection by
deploying multiple mechanisms including secretion of antimicrobial products, nutrient
competition, support of epithelial barrier integrity, bacteriophage deployment, and
immune activation. Together, these mechanisms contribute to resistance against
colonization of exogenous microorganisms (colonization resistance, CR) ‘9. However,
also in absence of a fully functional immune system, the gut microbiota can provide
a crucial and nonredundant protection against a potentially lethal pathogen !". This
review will discuss the mechanisms used by gut microbiota to provide CR, the impact of
various drugs on gut microbiota and thereby CR, and the strategies of specific bacterial
pathogens to overcome CR and ultimately cause enteric infection.

Mechanisms providing colonization resistance
The gut microbiota produces various products with antimicrobial effects, including

SCFAs, secondary bile acids and bacteriocins. Each of these contribute to CR in a
product-specific manner. The following section describes their general mechanisms of
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action. The contribution of the immune system in conferring CR has been extensively
reviewed elsewhere and is outside the scope of this review (113,

Short-chain fatty acids

SCFAs are mainly produced by bacteria through fermentation of non-digestible
carbohydrates (Fig. 1) . The three main SCFAs are acetate, propionate and butyrate,
constituting 90-95% of the total SCFA pool ®. During homeostatic conditions, butyrate
is the main nutrient for enterocytes and is metabolized through -oxidation. Hereby, an
anaerobic milieu inside the gut can be maintained !©. SCFAs can impair bacterial growth
by affecting intracellular pH and metabolic functioning. SCFA concentrations have been
shown to inversely relate to pH throughout different regions of the gut !?. At lower
pH, SCFAs are more prevalent in their non-ionized form and these non-ionized acids
can diffuse across the bacterial membrane into the cytoplasm. Within the cytoplasm
they will dissociate, resulting in a build-up of anions and protons leading to a lower
intracellular pH 9,
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Figure 1: Outline of gut microbiota-mediated colonization resistance mechanisms. Fiber obtained
from the diet is fermented by gut microbiota into short-chain fatty acids (SCFAs). Bacteriocin
producers produce bacteriocins capable of targeting a specific pathogen. Primary bile acids can be
converted by a very select group of gut microbiota into secondary bile acids, which generally have
antagonistic properties against pathogens. Nutrient competition of native microbiota can limit
access to nutrients for a pathogen. Specific organisms can use SCFAs, bacteriocins and primary
bile acids to increase their virulence, as will be discussed in later sections.
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In presence of acetate, metabolic functioning of Escherichia coli could be impaired by
preventing biosynthesis of methionine, leading to accumulation of toxic homocysteine
and growth inhibition. Growth inhibition was partly relieved by supplementing the
growth medium with methionine, showing that this metabolic dysfunction is one of the
factors by which SCFAs impair bacterial growth (9.

Bile acids

Bile acids, possessing antimicrobial properties, are produced by the liver and excreted in
the intestinal tract to aid in the digestion of dietary lipids. After production of primary bile
acids in the liver, they are subsequently conjugated with glycine or taurine, to increase
solubility @. These are then stored in the gallbladder, and upon food intake, are released
into the duodenum to increase solubilization of ingested lipids. A large part of conjugated
primary bile acids is reabsorbed in the distal ileum (50-90%), while the remainder can
be subjected to bacterial metabolism in the colon @?. Here, conjugated bile acids can
be deconjugated by bile salt hydrolases (BSH), which are abundantly present in the gut
microbiome ®". Deconjugated primary bile acids can subsequently be converted into the
two main secondary bile acids, deoxycholic acid and lithocholic acid, by few bacteria,
mostly Clostridium species, via 7a-dehydroxylation through a complex biochemical
pathway @'-»» (Fig. 1). A crucial step during the conversion is encoded by the baiCD
gene, which is found in several Clostridium strains, including Clostridium scindens ®*.
Deoxycholic acid is bactericidal to many bacteria, including Staphylococcus aureus,
Bacteroides thetaiotaomicron, Clostridioides difficile, bifidobacteria and lactobacilli by
membrane disruption and subsequent leakage of cellular content 529,

The importance of bacteria for conversion of primary bile acids was demonstrated by
investigating bile acid profiles in germ-free mice, where no secondary bile acids could
be measured ®. Very few colonic bacteria, less than 0.025% of total gut microbiota, are
capable of performing 7a-dehydroxylation ®*39, One of these bacteria, C. scindens, is
associated with colonization resistance against C. difficile through secondary bile acid
production @239, A follow-up in vivo study demonstrated that C. scindens provided CR
in the first day post infection (p.i), but protection and secondary bile acid production
was lost at 72 p.i®?. C. scindens on its own was also not sufficient to inhibit C. difficile
outgrowth in humans ¢¥. Together, these studies suggest that C. scindens either requires
cooperation with other secondary-bile acid producing bacteria or that other mechanisms
were involved in providing CR. The secondary bile acid lithocholic acid may exert its
antimicrobial effects, and potentially its effects on CR, in an indirect manner. Lithocholic
acid has been shown to enhance transcription for the antimicrobial peptide LL-37, in gut
epithelium using a HT-29 cell line ®Y. However, no increased mRNA transcription nor
protein translation of LL-37 was observed in another study using a Caco?2 cell line ¢,
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Bacteriocins

Bacteriocins are short, toxic peptides produced by specific bacterial species that can
inhibit colonization and growth of other species 9 (Fig. 1). Their mechanisms of action
are multifold and include disturbing RNA and DNA metabolism, and killing cells
through pore formation in the cell membrane ¢7#9. Bacteriocins can be divided into those
produced by Gram-positive bacteria, and those produced by Gram-negative bacteria.
Further classification of bacteriocins has been extensively discussed elsewhere @142,
Bacteriocins produced by Gram-positive bacteria are mostly produced by lactic acid
bacteria (e.g. Lactococcus and Lactobacillus) and some Streptococcus species, and
are further subdivided into three major classes on the basis of the molecular weight of
the bacteriocins and the presence of post-translational modifications “?. Bacteriocins
produced by Gram-negative bacteria, mostly by Enterobacteriaceae, can be broadly
divided into high molecular weight proteins (colicins) and lower molecular weight
peptides (microcins) @V,

The lantibiotic nisin is the best studied bacteriocin and is produced by Lactococcus
lactis strains. It has potent activity against many Gram-positive bacteria but has much
less intrinsic activity against Gram-negative organisms “-9. By itself, nisin does not
induce growth inhibition of Gram-negative bacteria, since binding to lipid II — the
main target — is prevented by the outer bacterial membrane “. Therefore, studies have
used different methods to overcome this problem by combining nisin with chelating
agents like EDTA, antibiotics and engineered nisin peptides 72, These compounds can
destabilize the outer membrane, allowing nisin to exert its damaging effect >34,

Several in vivo models have confirmed the potency of bacteriocins in providing CR.
Lactobacillus salivarius UCC 118, which produces the bacteriocin Abp118, was able
to significantly protect mice from infection by direct killing of Listeria monocytogenes,
while an UCC 118 mutant could not, confirming the protective role of Abp118 against
this food-borne pathogen .

Another example is Bacillus thuringiensis DPC 6431, which produces the bacteriocin
thuricin ©®. Thuricin targets several C. difficile strains, including the highly virulent
PCR ribotype 027. In vitro, its activity was more potent than metronidazole, the
common treatment for C. difficile infection ®®. In a colon model system, metronidazole,
vancomycin and thuricin all effectively reduced C. difficile levels. However, thuricin
has the advantage of conserving gut microbiota composition. This is highly relevant,
as a disturbed microbiota is associated with increased susceptibility to infection 759,

Enterobacteriaceae members can produce specific bacteriocins called colicins and
one example, colicin F,, is encoded by the Yersinia frederiksenii Y27601 plasmid.
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Recombinant E. coli strains, capable of producing colicin Fy were shown to be highly
effective against Yersinia enterocolitica in vitro®®. In vivo experiments were performed
by first administering the recombinant E. coli strains, after which mice were infected
with Y. enterocolitica. In mice with a normal gut microbiota the recombinant strains
did not inhibit Y. enterocolitica infection, while infection was effectively reduced in
mice pre-treated with streptomycin ©®. This was most probably the result of increased
colonization capacity of recombinant E. coli in the inflamed gut, while the normal gut
microbiota provided sufficient CR to prevent E. coli colonization %,

Microcins are also produced by Enterobacteriaceae, but differ from colicins in several
ways 9. For example, microcins are of much smaller size (<10 kDa) and microcin
production is not lethal to the producing bacterium, in contrast to colicin production ©?,
E. coli Nissle 1917, capable of producing microcin M and microcin H47, could
significantly inhibit Salmonella enterica serovar Typhimurium in vitro and in vivo Y.
This inhibition was however only seen during intestinal inflammation, during which
S. Typhimurium expresses siderophores to scavenge iron from an iron-depleted
environment. As microcins are able to conjugate to siderophores and S. Typhimurium
takes up the siderophore during iron scavenging, microcins are introduced into the
bacterial cell in a Trojan-horse like manner ¢2.

In silico identification of bacteriocin gene clusters shows that much remains to be
discovered in this area, as 74 clusters were identified in the gut microbiota ¥, Not
all of these clusters may be active in vivo, but it illustrates the potential relevance of
bacteriocin production by the gut microbiota to provide colonization resistance.

Nutrient competition

Bacteria have to compete for nutrients present in the gut. This is especially relevant
for bacterial strains belonging to the same species, as they will often require similar
nutrients. The importance of nutrient competition in providing CR has been shown in
multiple studies using multiple E. coli strains 7. Indigenous E. coli strains compete
with pathogenic E. coli O157:H7 for the amino acid proline ®. In fecal suspensions,
depletion of the proline pool by high-proline-utilizing E. coli strains inhibited growth of
pathogenic E. coli. This inhibition could be reversed by adding proline to the medium,
thereby confirming nutrient competition between the strains Y. In addition to amino
acids, different E. coli strains use distinct sugars present in the intestinal mucus ©%,
When two commensal E. coli strains were present in the mouse gut that together utilize
the same sugars as E. coli O157:H7, E. coli O157:H7 was unable to colonize after it was
administered to these mice. However, E. coli O157:H7 successfully colonized when
only one of these commensals was present. This indicated that the two commensals
complement each other to sufficiently deplete all sugars used by this pathogenic E.
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coli strain ©®. Nutrient competition is not limited to macronutrients, but can extend
to micronutrients such as iron. S. Typhimurium is known to take up large amounts of
iron from the inflamed gut during infection ©”. Upon a single administration of the
probiotic E. coli Nissle 1917, which was proposed to scavenge iron very efficiently,
S. Typhimurium levels were reduced more than two log-fold during infection via the
limitation of iron availability. Administration of E. coli Nissle 1917 prior to infection
with S. Typhimurium led to a 445-fold lower colonization 7.

Finally, genome-scale metabolic models have been used to reconstruct microbiome-
wide metabolic networks, which could partly predict which species utilize specific
compounds from their environment ©®. These models have been used to study nutrient
utilization by C. difficile, which will be described in the section on this organism below.
Together, these studies show that colonization resistance by nutrient competition is most
effective when microbiota take up key nutrients that are required by the pathogen (Fig.
1). Future strategies could therefore aim at administrating probiotic strains that are able
to outcompete pathogens for specific nutrients. This is especially relevant at times of gut
microbiota disturbances, e.g. during and following an antibiotic treatment, as this is the
time window where it is easiest for exogenous bacteria to colonize the GI tract.

Mucus layers

The gut barrier consists of the inner and outer mucus layer, the epithelial barrier and
its related immune barrier. It is out of the scope of this review to discuss the full
immunological characteristics of the epithelial barrier, the highly complex host-microbe
interactions occurring at the mucus layer and host-associated genetic polymorphisms
associated with mucus layer composition, as these have been extensively described
elsewhere (12: 13- €. 70 Ingtead, a general description with various examples of how the
mucus layer provides CR will be given.

The inner mucus layer is impenetrable and firmly attached to the epithelium, forming
a physical barrier for bacteria thereby preventing direct interaction with the epithelial
layer and a potential inflammatory response 72, Commensal gut microbes reside
and metabolize nutrients in the nonattached outer mucus layer. Thinning of the mucus
layer leads to an increased susceptibility for pathogen colonization, which can result
from a Western-style diet deficient in microbiota-accessible-carbohydrates (MACs) ©¥.
When MACs were scarce, mucus-degrading bacteria (dkkermansia muciniphila and
Bacteroides caccae) fed on the outer mucus layer in a gnotobiotic mouse model, resulting
in closer proximity of bacteria to the epithelial layer ©® The host adapts by increasing
muc?2 expression, the main producer of intestinal mucin glycans, but fails to sufficiently
do so. Inner mucus layer damage could however be reversed by administration of
Bifidobacterium longum, perhaps due to stimulation of mucus generation 7,
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The composition of the microbiota is thus a contributing factor to the integrity of the
mucus barrier. Genetically identical mice housed in different rooms at the same facility
showed a distinct microbiota composition, with one group of mice showing a more
penetrable barrier ™. When fecal-microbiota transplant (FMT) was performed on germ-
free mice, they displayed the same barrier function as their respective donor. No specific
microbes were identified to be responsible for the change in observed barrier function 7.

In conclusion, the mucus layers provide a first barrier of defense against colonization of
exogenous microorganisms. Diet has been shown to be an important factor for proper
functioning of this layer, suggesting that dietary intervention, or specific pro- and
prebiotics, may be a future therapeutic option.

Bacteriophages

Bacteriophages are the most abundant microorganisms on our planet and are also highly
present in the human gut”>7%. Bacteriophages have been proposed as potential alternatives
to antibiotics, as they are highly specific, only targeting a single or a few bacterial
strains thereby minimizing the impact on commensal members of the microbiota %7
(Fig. 1). Their complex interactions in the intestine with both host immunity and
bacterial inhabitants are starting to be explored, but much remains to be elucidated 7.
Here, we will focus on their relationship with bacterial enteropathogens.

Vibrio cholerae infection could be controlled using a prophylactic phage cocktail in
mice and rabbits 7®. This prophylactic cocktail killed V. cholerae in vitro, reduced
colonization of V. cholerae in the mouse gut and prevented cholera-like diarrhea in
rabbits. Importantly, the authors suggest that the concentration of phages in the gut is
an important criterion for successful prevention of infection, as timing between phage
cocktail administration and V. cholerae inoculation was associated with treatment
outcome 7®. Similar findings have been demonstrated for Campylobacter jejuni
colonization in chickens, where a phage cocktail reduced C. jejuni levels several orders
of magnitude 7.

Bacteriophages can also confer a competitive advantage for commensals. Enterococcus
faecalis V583 harbors phages that infect and kill other E. faecalis strains, thereby
creating a niche for E. faecalis V583 ®0.

Phages play an important role in excluding specific gut bacteria and can thereby
contribute to CR. Therapeutic use in humans is not yet performed at a wide scale in
the Western world, as sufficient evidence for their safety and efficacy is still lacking ®V.
However, recent case reports indicate that bacteriophage treatment has definite future
potential for treating multi-drug resistant bacteria >89,
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Effects of various non-antibiotic drugs on gut colonization
resistance

Antibiotics are long known for their deleterious effect on gut microbiota. Recently,
various other drugs have come to attention for their impact on our microbial ecosystem.
As effects of antibiotics have been extensively reviewed elsewhere ®+89, the focus in the
current review will be on non-antibiotic drugs, namely proton-pump inhibitors (PPIs),
antidiabetics and antipsychotics.

Proton-pump inhibitors

PPIs inhibit gastric acid production and are among the most prescribed drugs in Western
countries ®9. A significant association between long-term use of PPIs and the risk
on several bacterial enteric infections has been demonstrated in multiple systematic

reviews 790

Several studies have associated PPI use with microbiota alterations that may specifically
predispose to C. difficile infection and to small intestinal bacterial outgrowth ©'.
Especially taxa prevalent in oral microbiota (e.g. Streptococcus) were associated
with PPI use, likely resulting from increased gastric pH and thereby allowing for
colonization of these bacteria further down the gastrointestinal tract ®-*Y. Administering
PPIs to twelve healthy volunteers for four weeks did not result in changes in diversity
or changes in overall microbiota composition. However, abundance of specific taxa
associated with C. difficile infection and gastrointestinal bacterial overgrowth increased,
thereby potentially lowering colonization resistance against C. difficile ©V.

Results of two mouse studies suggest that the reduced bactericidal effect, due to increased
stomach pH, may be the most important factor for increased enteric infection risk.
Mice received PPIs seven days prior to infection with the murine pathogen Citrobacter
rodentium, which resulted in increased numbers of C. rodentium in the cecum one
hour post inoculation as compared to control mice ©®. Similar results were observed
in another study where treatment of mice with PPIs led to increased colonization of
vancomycin-resistant enterococci and Klebsiella pneumoniae 7. In spite of its general
acceptance as a model for gut disturbances, it is important to note that mice were pre-
treated with clindamycin, which may limit generalizability ©”. This is an important
issue when studying effects of PPIs, as the combined use of medication in the human
population complicates the study of the effects of PPIs on microbiota and CR. Even
though large-scale studies have adjusted for cofounders to filter out the effect of PPIs on
the gut microbiota, this does not represent a mechanistic study where only PPIs would
be administered ©*°%.
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Therefore, more mechanistic studies investigating how PPIs increase the risk for enteric
infection are required. These studies should then exclusively administer PPIs to healthy
human volunteers or animals.

Antidiabetics

Metformin is the primary prescribed drug for treatment of type Il diabetes mellitus
(T2DM) and mainly acts by reducing hepatic glucose production, thereby lowering
blood glucose levels ®. The current increase in the number of T2DM patients is
unprecedented and it is therefore crucial to evaluate metformin’s effect on gut microbiota
and colonization resistance %0,

The microbiota of T2DM patients is, amongst other changes, characterized by a depletion
in butyrate-producing bacteria (' 19 Metformin administration increased both the
abundance of butyrate and other SCFA-producing bacteria, as well as fecal SCFA levels
and may thus contribute to colonization resistance. The underlying mechanisms remain
unknown (°1-103),

Another effect of metformin has been studied in an in vitro model, where it was found to
reduce tight junction dysfunction of the gut barrier by preventing TNF-o induced damage
to tight junctions “°. Similar findings for improvement of tight junction dysfunction
were demonstrated using two in vivo models, one using interleukin-10 deficient mice
and one using a colitis mouse model 1% 199 Ag tight junctions are a critical part of
epithelial barrier integrity, alleviating their impaired functioning likely improves CR.
In conclusion, metformin may have beneficial effects on CR, as its ability to raise SCFA
concentrations and improved tight junction function suggests. The effects of metformin
on gut microbiota and CR in healthy organisms needs further evaluation.

Antipsychotics

The interest in whether antipsychotics affect gut microbiota composition and colonization
resistance may surge after a recent publication demonstrating that antipsychotics target
microbes based on their structural composition !°?. This led to the suggestion that
antibacterial activity may not simply be a side effect of antipsychotics, but can be part
of their mechanism of action 1?7, Various antipsychotics have been investigated for their
antibacterial effects, of which several will be highlighted here.

In an in vitro model, olanzapine has been demonstrated to completely inhibit growth
of two potentially pathogenic bacteria, E. coli and E. faecalis . Pimozide has been
shown to inhibit internalization of several bacteria, including L. monocytogenes .
An in vitro screening test evaluated effects of fluphenazine on 482 bacterial strains,
belonging to ten different genera. Growth inhibition was demonstrated in multiple
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species, including five out of six Bacillus spp., 95 out of 164 staphylococci, 138 out of
153 V. cholerae strains and Salmonella serovars Typhi and Typhimurium. Significant
protection by administering fluphenazine was shown in a mouse model infected with
S. Typhimurium, as viable cells in several organs was lower and overall survival was
higher as compared to controls 1'%,

Antipsychotics can also be used in combination with antibiotics, to exert a synergistic
antibacterial effect. Flupenthixol dihydrochloride (FD) was demonstrated to have
antibacterial activity, both in vitro and in vivo "', Co-administration of FD and penicillin
yielded extra protection against S. Typhimurium as compared to singular administration
of either drug!V. As antipsychotics have only recently been recognized for their
potential antimicrobial effects, studies have only looked at the effects on pathogens. It
is likely that gut commensals are also affected by these drugs, but future studies will
have to confirm this hypothesis.

Apart from their potential antibacterial effects, several antipsychotics were shown
to increase intestinal permeability in the distal ileum in rats, and therefore showing
a possibly detrimental effect on CR 2. Curiously enough, use of antidepressants
was associated with increased risk of C. difficile infection development, although no
underlying mechanism has been elucidated yet %,

In conclusion, antipsychotics have definite antibacterial effects, but, to our knowledge,
no studies have yet been performed regarding their effects on colonization resistance
and bacterial enteric infection in vivo.

Colonization resistance towards specific bacterial enteric
pathogens

Other than antibiotic resistance acquisition, enteric pathogens possess multiple virulence
factors to overcome CR and cause infection. Some of these factors are common and
apply to many bacterial species, others are organism-specific. Mechanisms implicated
in antibiotic resistance development include horizontal gene transfer, mutational
resistance and altering structure and thereby efficacy of the antibiotic molecule. Full
reviews describing these mechanisms in depth can be found elsewhere !4 19, Here,
the main focus will be on how several of the most prevalent and dangerous bacterial
enteropathogens overcome the mechanisms providing CR as described herein, namely
secretion of antimicrobial products, nutrient competition, mucus barrier integrity and
bacteriophage deployment. As insufficient knowledge is available on how each specific
enteropathogen overcomes CR by rendering bacteriophages ineffective, apart from the

42



CHAPTER 2

well-known and conserved CRISPR-Cas, an overview of the currently known bacterial
defense mechanisms will be given at the end of this review.

C. difficile

C. difficile-associated diarrhea is the most common hospital-acquired infection, causing
more than 450.000 diarrheal cases per year in the United States alone !'®., Clinical
symptoms can range from self-limiting diarrhea to bloody diarrhea, pseudomembranous
colitis and ultimately death '”. However, also in healthy individuals CR is not always
successful against this opportunistic pathogen, resulting in asymptomatic colonization
in 2-15% of the healthy population “'®. The reason why some asymptomatically
colonized patients do not develop infection, while others do, may well be found in
the gut microbiome, although no mechanisms have yet been elucidated. C. difficile
contains a pathogenicity locus with the information to produce its two major toxins,
TcdA and TedB. The significance of a third toxin, called binary toxin, is less clear. Toxin
production in the colon is facilitated by disruption of the native gut microbiota, for
instance through antibiotic use %,

Effects of SCFAs on C. difficile throughout its life cycle are currently unclear (120122,
In an antibiotic-treated mouse model, decreased SCFA levels were associated with
impaired CR against C. difficile "*. CR was subsequently restored six weeks after
ending antibiotic treatment with a concomitant increase in SCFAs, probably resulting
from restoration of the fermentative activity of the microbiota ?”, Restoration of SCFA
levels is also seen as an effect after fecal microbiota transplantations in humans %%,
However, SCFA supplementation could not induce a significant decrease in C. difficile
shedding levels up to six weeks post infection "?Y. No study has yet investigated whether
C. difficile possesses any mechanisms by which it becomes resistant against the effects
of SCFAs, which warrants further research.

Compared to the effects of SCFAs, there is more clarity on the effects of bile acids on
C. difficile. Secondary bile acids are toxic to both C. difficile spores and vegetative
cells, while primary bile acids generally stimulate growth and spore germination (12312,
During antibiotic treatment, conversion of primary into secondary bile acids is suppressed
and the reduction of secondary bile acids leads to a more favorable environment for
C. difficile "*. In addition, C. difficile isolates causing most severe disease in mice
were also the isolates that showed highest resistance against lithocholic acid in vitro 12,
A relationship between disease score and deoxycholic acid could not be shown 29,
Secondary bile acid resistance may be strain-dependent, but further research is warranted
to draw this conclusion with certainty.

Intrinsic anti-bacteriocin properties have been described for C. difficile '?"-*®. Nisin can
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inhibit growth of vegetative cells and prevent spore germination of C. difficile in vitro “¥.
However, this does not hold for all C. difficile strains, as the mutant strain MC119 had
normal growth in sub-lethal concentrations. It was demonstrated that this resistance
was at least partly due to export of nisin by an ABC-transporter ?”. Another identified
mechanism was a net positive charge on the bacterial cell surface resulting in lower
efficacy of nisin, since nisin is attracted to a low negative charge on the cell surface ?%,

Using genome-scale metabolic models in antibiotic-treated mice, it was demonstrated
that C. difficile does not necessarily compete for specific nutrients against specialized
bacteria, but that it adapts to utilize a wide array of nutrients. This allows for colonization
of diverse microbiomes, wherein C. difficile is not limited to a specific nutrient niche (2,
A follow-up study, also using a multi-omics approach, showed that C. difficile alters
transcriptional activity of especially low abundant taxa. The main genes showing
decreased transcription in these low abundant taxa during infection, as compared to
mock infected mice, were carbohydrate-acquisition and utilization genes. A possible
reason for this could be that C. difficile attempts to create its own nutrient niche to
facilitate colonization 130,

However, others have found specific nutrients that may be important for C. difficile
colonization and/or outgrowth. Three highly virulent ribotypes (RT), RT017, RT027 and
RTO078, have recently been demonstrated to utilize trehalose as a nutrient source 3% 132,
This was confirmed in a mouse model, where mice were challenged with spores of either
RT027 or a non-trehalose metabolizing ribotype. After trehalose administration, RT027
mice showed higher mortality in a dose-dependent manner 39,

C. difficile post-antibiotic outgrowth depends partly on the production of succinate
and sialic acid by commensals. B. thetaiotaomicron is capable of metabolizing
polysaccharides and thereby produces sialic acid. Upon inoculation with C. difficile,
monocolonized B. thetaiotaomicron mice had approximately a five times higher density
of C. difficile in feces as compared to germ-free mice *%. Expression levels of genes
involved in sialic acid metabolism were increased in the B. thetaiotaomicron model,
and, as expected, a sialidase-deficient B. thetaiotaomicron mutant led to highly reduced
production of sialic acid and C. difficile density was lower *¥, Density of C. difficile
was higher in B. thetaiotaomicron mice fed a polysaccharide-rich diet as compared to a
chow diet™¥. The succinate to butyrate pathway was crucial for C. difficile expansion in
B. thetaiotaomicron mice, as WT C. difficile was more effective in establishing infection
than a succinate-transporter deficient C. difficile *%.

Micronutrient availability can affect virulence of C. difficile. High zinc levels have been
demonstrated to exacerbate C. difficile infection in mouse models 9. Mice fed a high-
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zinc diet had higher toxin levels, higher pro-inflammatory cytokines levels and increased
loss of barrier function. Furthermore, it was shown that calprotectin, a zinc-binding
protein, was important for limiting zinc availability to C. difficile during infection 3.

Together, these studies demonstrate the importance of specific nutrients used by C.
difficile to establish colonization and infection.

Efficient colonization of the epithelial barrier is made possible by flagella and pili 3¢ 137,
When mice were inoculated with flagellated or non-flagellated C. difficile strains, higher
levels of flagellated C. difficile were found in mouse cecum 3%, The exact destination
of non-flagellated C. difficile remained unknown, as levels were not measured in feces
or in sections of the small intestine. Regarding pili, it has been shown that type IV pili
were not playing a role in initial colonization, but were crucial for epithelial adherence
and long-lasting infection 37,

S. Typhimurium

S. Typhimurium is a nontyphoidal Salmonella and an important cause of gastroenteritis
in humans. It was estimated that globally 3.4 million invasive nontyphoidal Salmonella
infections occur each year, of which 65.2% are attributable to serovar Typhimurium (3%,
It mostly causes self-limiting, non-bloody diarrhea in otherwise healthy individuals.
However, it can lead to bloodstream infections and metastatic spread with eventually
death in especially infants and immunocompromised individuals 3% 139 S, Typhimurium
contains two pathogenicity islands, SPI1 and SPI2. SPI1 mostly contains information
for causing intestinal disease and cell invasion, while SPI2 is necessary for intracellular
survival (49,

Effects of SCFAs on S. Typhimurium are not yet well defined. Butyrate and propionate
have been demonstrated to reduce expression of invasion genes, while acetate increased
their expression in S. Typhimurium ! 42 However, conflicting results exist. A S.
Typhimurium knockout mutant, unable to metabolize butyrate, caused less inflammation
than a WT S. Typhimurium, suggesting that butyrate is crucial for S. Typhimurium
virulence *». Furthermore, this study demonstrated that butyrate was necessary
for expression of invasion genes in mouse models. In contrast, propionate inhibited
S. Typhimurium in a dose-dependent manner in vitro, probably due to disturbance
of intracellular pH Y. In an in vivo setting, it was demonstrated that a cocktail of
propionate-producing Bacteroides species was sufficient to mediate CR against S.
Typhimurium "4,

S. Typhimurium has developed mechanisms to overcome bile acids encountered in the
gut. When exposed to individual bile acids at sub-lethal levels in vitro, it can become
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resistant to originally lethal levels by changing gene and protein expression of several
virulence regulators (%% 149 In addition, it has been demonstrated that a mixture of
cholate and deoxycholate confers a synergistic inhibition on invasion gene expression
in S. Typhimurium 447,

Innate resistance of S. Typhimurium against bacteriocins produced by Gram-positive
bacteria is naturally conferred through its Gram-negative outer membrane 4%,

Usage of nutrients produced by gut microbiota is believed to facilitate S. Typhimurium
outgrowth. By causing inflammation and thereby altering microbiota composition, S.
Typhimurium provides itself with a competitive advantage 14% 159,

Metabolic profiling in mice showed increased luminal lactate levels in the inflamed
gut during S. Typhimurium infection, which could result from a depletion in butyrate-
producing bacteria . When butyrate is scarce, enterocytes switch to glycolysis with
lactate as end product. Lactate is an important nutrient for S. Typhimurium, as indicated
by decreased colonization of cecal and colonic lumen by a S. Typhimurium mutant lacking
two lactate dehydrogenases ). As explained in the introduction, an anaerobic milieu
is maintained in the gut during homeostatic conditions. However, diffusion of oxygen
from the tissue to the lumen is enabled by inflammation caused by S. Typhimurium,
which alters enterocyte metabolism 3V, Oxygen can then be used by S. Typhimurium to
ferment several carbohydrates through respiration (3159, In conclusion, these findings
suggest that S. Typhimurium creates its own niche in the gut by causing inflammation,
subsequently shifting microbiota composition and thereby nutrient availability, so that
it can optimally colonize and expand.

An intact and well-functioning mucus layer is crucial for protection against S.
Typhimurium infection. WT mice infected with the attenuated AaroA strain, which
causes severe colitis, showed increased muc?2 gene expression and MUC2 production 39,
Mortality and morbidity was high in Amuc2 mice and higher numbers of the pathogen
were found in their liver, ceca and close to the epithelial layer 9.

S. Typhimurium may profit from mucin-degrading commensal microbiota. In a
gnotobiotic mouse model, complementation with mucin degrading A. muciniphila
during S. Typhimurium infection allowed S. Typhimurium to dominate the bacterial
community five days p.i"®?. This was not caused by an absolute increase in cell number,
but by a decrease in other microbiota members. In addition, the complementation with
A. muciniphila led to increased inflammation, as indicated by increased histopathology
scores and protein and mRNA levels of pro-inflammatory cytokines. Although generally
considered a beneficial bacterium, A. muciniphilia exacerbated S. Typhimurium
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infection by thinning the mucus layer, thereby promoting translocation of the pathogen
to the epithelial layer 157,

Enterohemorrhagic E. coli

Shiga-toxin producing E. coli (STEC) comprises a group of E. coli strains capable of
producing Shiga-toxins. Enterohemorrhagic E. coli (EHEC) is a subgroup of STEC
causing more severe disease, often with complications. Each year, approximately
100,000 people are infected by the most common EHEC serotype, O157:H7 1, Clinical
presentation includes abdominal pain and bloody diarrhea which can progress into toxin-
mediated hemolytic uremic syndrome *?. Virulence of EHEC strains is mostly encoded
by Shiga toxin genes, stx/ and stx2, and by locus of enterocyte effacement (/ee) genes,
which are imperative for initial attachment to epithelial cells (¢,

At present, outcomes regarding the effects of SCFAs on EHEC are mixed !9, LEE
protein and gene expression was already enhanced at 1.25mM of butyrate, while for
acetate and propionate, only minor changes were detected at 20mM, with acetate giving
a repressive effect. In a separate growth experiment, acetate was more efficient in
inhibiting growth of EHEC as compared to butyrate and propionate !*?. Acetate was
observed to have small repressive effects on EHEC in the study by Nakanishi et al., and
this was also found by Fukuda et al. 192199, Mice fed acetylated starch prior to infection
showed higher fecal acetate levels and improved survival rate compared to starch-fed
mice 199, Acetate also prevented gut barrier dysfunction as measured by transepithelial
electrical resistance and prevented translocation of the Shiga toxin to the basolateral
side of the epithelial cells '®. In Caco2 cells, EHEC epithelial adherence was 10-
fold higher when grown on butyrate than on acetate or propionate ®?. These results
indicate that butyrate may be less effective in inhibiting EHEC growth and potentially
colonization as compared to acetate and propionate, for which the exact pathways
and genes involved have been elucidated > 19, In contrast, butyrate was found to be
effective against EHEC in a pig model '*D, Piglets given sodium butyrate two days prior
to being infected with EHEC showed no symptoms 24 hours p.i, while the control group
developed multiple signs of disease, e.g. histopathological signs of kidney damage. The
sodium butyrate group did not show any signs of inflammation and shed less viable cells
compared to the control group within 48h (V. [n vitro assays demonstrated that butyrate
enhanced bacterial clearance, ultimately making the authors suggest that butyrate can be
developed as a new drug to treat EHEC (6D,

EHEC has multiple traits to fight against the potentially deleterious effects of bile
acids. Bile acid mixtures upregulated gene expression of the 4crAB efflux pump and
downregulated ompF, a gene encoding for an outer membrane porin1%®. In addition, other
genes responsible for limiting penetration of bile acids through the membrane (basR and

47



CHAPTER 2

basS), were upregulated, and this effect was concentration-dependent. Interestingly, the
bile acid mixtures did slightly downregulate stx2 subunit genes, encoding for Shiga
toxin production %%

EHEC possesses natural resistance against bacteriocins, especially nisin, through its
Gram-negative outer membrane, as described in the chapter on bacteriocins. Three
EHEC strains were screened for, amongst others, potential resistance against several
colicinogenic E. coli strains 7. In vitro, resistance against E. coli strains producing a
single colicin was observed, but resistance was rarely observed against multiple colicins
and could never be linked to acquiring a specific plasmid 67,

Nutrient competition for proline and several sugars between EHEC and commensal E.
coli strains is described in the introductory section. In addition, ethanolamine (EA),
a source of carbon, nitrogen and energy for EHEC, has been investigated. It was
demonstrated that EA could diffuse across the bacterial membrane and that the eut
genes were crucial for metabolizing EA. Eut sequences were absent in native bacterial
genomes in the bovine gut, apart from commensal E.coli, indicating that EA provides
a nutrient niche for E. coli. When the eutB gene was knocked out in EDL933, it was
outcompeted by commensal E. coli due to its inability of utilizing EA, indicating its
critical importance for colonization '*®. During further transcriptomic investigations of
EA utilization, it was noticed that genes involved in gluconeogenesis were upregulated
if no glucose was supplemented. A knockout of two genes within the gluconeogenesis
pathway led to a growth defect in a coculture with the wildtype 1%, This is in line
with a previous finding that optimal usage of gluconeogenic substrates by EDL933 is
important for colonization 7%, Since this effect was seen in a medium consisting of
bovine small intestinal contents, the relevance for the human gut remains unclear %,

Co-culturing of EHEC with B. thetaiotaomicron led to an upregulation of genes
involved in nutrient competition in EHEC as compared to culturing EHEC alone "V, In
addition, presence of B. thetaiotaomicron resulted in upregulation of multiple virulence
genes including lee, likely due to regulation of a transcription factor involved in sensing
carbon metabolite concentrations in the environment 7). Using a combination of in
vitro and in vivo methods, Pacheco et al. showed that fucose cleaved from mucins by B.
thetaiotaomicron could be an important nutrient for upregulating virulence and intestinal
colonization of EHEC (", Interestingly, fucose sensing and subsequent regulation of
virulence genes was more important for successful colonization than utilization of
fucose for energy. This example indicates that nutrients cannot only be utilized for
energy, but that they can be important environmental signals for properly regulating
timing of virulence 7.
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Human colonoid monolayers were used to study initial colonization mechanisms of
EHEC @7, This study showed that EHEC disturbs the tight junctions, preferentially
attaches to mucus producing cells and subsequently impairs the mucus layer 7. In
addition, by using various in vitro models, it was demonstrated that the metalloprotease
StcE, produced by EHEC, enables degradation of MUC?2 in the inner mucus layer which
may pave the way to the epithelial surface (7.

S. flexneri

Shigella infections mostly occur in developing countries, with S. flexneri as the most
frequently found species 17>. Annually, an estimated 164,000 people die of shigellosis
worldwide @79, Clinical presentation includes a wide variety of symptoms, including
severe diarrhea, possibly containing blood and mucus, and abdominal pain'®?. S. flexneri
contains a virulence plasmid (pINV) which is necessary for invasion of epithelial cells
and intracellular survival 169,

No studies seem to have investigated resistance mechanisms of S. flexneri against SCFAs
yet. Butyrate has been investigated as a potential therapeutic agent as it counteracts a
putative virulence mechanism of S. flexneri, namely decreasing LL-37 expression in the
gut 177178 By suppressing LL-37 expression S. flexneri is able to colonize deeper into
intestinal crypts '’®. Butyrate was able to increase rectal LL-37 expression in a subgroup
of patients, which was associated with lower inflammation in rectal mucosa and lower
levels of pro-inflammatory cytokines '7?. However, butyrate treatment did not seem to
impact clinical recovery 77,

The type three secretion system (T3SS) which is able to directly inject bacterial protein
into host cells and cause infection, is considered a key virulence factor. S. flexneri T3SS
can sense and bind secondary bile acid deoxycholate, which leads to co-localization of
protein translocators at the needle tip 17 180, In S. flexneri mutants lacking the needle
structure, the deoxycholate-associated adhesion and invasion of S. flexneri to host
epithelial cells was diminished "D, At physiological levels of bile salts, S. flexneri is
able to grow normally in vitro, but at increased concentrations growth is significantly
reduced 2. Transcriptomics showed that during exposure to physiological bile salt
levels, genes involved in drug resistance and virulence were upregulated, which was
subsequently confirmed using reverse transcription-quantitative PCR (RT-qPCR).
Deletion of a multidrug efflux pump led to sensitivity to bile salts and growth inability,
confirming the importance of this pump in bile salt resistance 32

Bacteriocin resistance has not been well studied in S. flexneri, but downregulating

antimicrobial peptide production in the gut is suggested to be an important virulence
mechanism '3, The downregulation of LL-37 early in infection was demonstrated both
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in gut biopsies of patients and in cell lines 139, Since protein and gene expression were
not downregulated to the same degree, the authors speculated that there is an interference
mechanism during active transcription of LL-37. Transcription of other antimicrobial
peptides was also downregulated, especially in the human B-defensin hBD family (178 183,
It was demonstrated that S. flexneri shows high sensitivity to LL-37 and hBD-3 peptides
in vitro ", This suggests that by downregulating expression of antimicrobial peptides,
S. flexneri creates an environment in which it can survive and ultimately cause severe
disease.

It is unknown how S. flexneri competes and utilizes nutrients in the luminal side of the
gut. Therefore, a short description will be given on how the bacterium rewires host
cell metabolism for supporting its survival after entering the host cells. These findings
might be translatable, and can at least provide insight in potential nutrient usage of
S. flexneri in the lumen. Using a combination of metabolomics and proteomics it was
demonstrated that S. flexneri does not alter host cell metabolism in HeLa cells, but that
it captures the majority of the pyruvate output '8, Pyruvate was demonstrated to be a
crucial carbon source for S. flexneri cultured on a HeLa derivative, using metabolomics,
transcriptomics and bacterial mutants 13%. S. flexneri converts pyruvate into acetate
via a very quick, but energy-inefficient pathway, allowing for rapid expansion of the
bacterium intracellularly without rapid destruction of the host cell 9.

S. flexneri possess special systems to alter mucus composition. Human colonoid
monolayers infected with S. flexneri showed increased extracellular release of mucins %9
The increased extracellular mucins were trapped at the cell surface which surprisingly
favored access of S. flexneri to the apical surface, subsequently promoting cell invasion
and cell-to-cell spread (%9, Furthermore, expression of several genes encoding for
production of mucins and mucin glycosylation patterns were altered *®. Together, these
results suggest that S. flexneri can alter the mucus environment such that it can promote
its own virulence.

C. jejuni

C. jejuni is associated with food-borne gastroenteritis and is estimated to cause more
than 800,000 infections annually in the USA alone 7. Major clinical symptoms include
diarrhea (both with and without blood), fever and abdominal cramping . In rare
cases, it can give rise to the Guillain-Barré syndrome and reactive arthritis 137, It is a
commensal bacterium in avian species and it is not yet well understood why it causes
disease in humans %%,

There is a distinct lack of research on the resistance mechanisms of C. jejuni against
SCFAs, but one study found that SCFAs are important for colonization in chickens %,
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Acetinogenesis, the conversion of pyruvate to acetate, is a crucial metabolic pathway
for optimal colonization of C. jejuni. Mutants unable to use this pathway show impaired
colonization and decreased expression of acetinogenesis genes. Upon encountering a
mixture of SCFAs at physiological levels, this mutant was surprisingly able to restore
acetinogenesis gene expression to WT levels. Therefore, it was investigated whether
expression of acetinogenic genes differs throughout the intestinal tract, as SCFAs are
most abundant in distal parts of the intestine. It was observed that both gene expression
and C. jejuni levels were highest in the cecum. The authors suggested that C. jejuni can
monitor SCFA levels in the gut, so that in response it can express colonization factors (18,
As this is the only study suggesting this hypothesis, further research is required for
validation.

Results regarding bile acid resistance in C. jejuni are mixed, which may stem from using
different animal models or bile acids. A specific multidrug efflux pump, CmeABC,
was important for bile resistance in chickens . AcmeABC mutants showed impaired
growth in vitro and unsuccessful colonization in chicken upon cholate administration,
while cholate did not affect growth and colonization of the WT *?. This suggests that
the efflux pump is critical for proper colonization of C. jejuni by mediating bile-acid
resistance. Another study elucidated the effects of secondary bile acids on C. jejuni V.
Upon administration of deoxycholate prior to, and during, infection, mice showed
decreased colitis. Unexpectedly, C. jejuniluminal colonization levels were notaffected V.
In conclusion, C. jejuni colonization seems not to be affected by bile acids, but may be
important in limiting disease progression.

Bacteriocin resistance is not common in C. jejuni. Multiple C. jejuni (n=137) isolates
were screened for resistance against two anti-Campylobacter bacteriocins, OR-7
and E-760, produced by the gut inhabitants L. salivarius and Enterococcus faecium.
However, no isolates were found to harbor resistance °?. In a follow-up study, chickens
were successfully colonized with a C. jejuni strain prior to bacteriocin treatment, with
the aim of studying bacteriocin resistance. Resistance developed in most chickens, but
was lost upon ending bacteriocin administration, suggesting resistance instability in

vivo 19,

In contrast to most other enteric pathogens, C. jejuni does not metabolize carbohydrates
as its main energy source. It is unable to oxidize glucose, fructose, galactose and several
disaccharides, including lactose, maltose and trehalose, resulting from the absence of
6-phosphofructokinase *+1°7. Fucose could be metabolized by some C. jejuni strains,
due to the occurrence of an extra genomic island ¥?. Main energy sources for C. jejuni
are organic acids, including acetate, and a limited number of amino acids %290, 1t is
currently unclear what these metabolic adaptations mean for its colonization potential,
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but it is possible that C. jejuni occupies a unique macronutrient niche.

Iron regulation systems are critical for colonization and persistence of C. jejuni. In
presence of sufficient iron, transporter and acquisition genes are downregulated °V.
Mutants lacking genes involved in either iron acquisition or transport were severely
impaired in colonizing the chick gut ®). Free iron concentrations are extremely low
in the gut, which forces C. jejuni to utilize other iron sources. It was demonstrated that
lactoferrin and transferrin can also be used for this purpose and molecular pathways
have been described ?*. In short, transferrin-bound iron can only be utilized if it is
in close proximity to the bacterial cell surface. Thereafter, it is most likely that iron is
freed from the bacterial cell surface proteins, transported across the outer membrane and
subsequently internalized by an ABC-transporter ?°?. Additionally, both in an in vitro
setting and in a controlled human infection model with C. jejuni the most upregulated
genes were involved in iron acquisition '%:-2°%, These results suggest that iron regulation
is maintained extremely well, and that C. jejuni can obtain sufficient iron even in a harsh
environment as the gut.

C. jejuni resides in the mucus layer prior to invading the epithelial cell. It can cross and
reside here because of its powerful flagellum, which can change in conformation or
rotation upon being challenged by higher viscosity ?299, C. jejuni can hereby cross the
mucus layer at speeds which cannot be met by other enteric pathogens, and the flagellum
can subsequently be used as an adhesin %209,

Another important characteristic for C. jejuni ’s success in crossing the mucus layer
is its helix-shape. In a mouse model, a WT strain or either of two rod shaped C. jejuni
bacteria, Apgp1 or Apgp2, were administered to cause infection ?°”. Rod-shaped mutants
were demonstrated to be mostly non-pathogenic, whereas the WT strain caused severe
inflammation. Mutants were to some extent able to colonize the mucus layer, but could
not cross it, explaining their non-pathogenicity ?°7.

V. cholerae

V. cholerae is one of the first bacterial pathogens where the microbiota has been
considered to play an important role against infection ®®. It is mainly prevalent in
contaminated brackish or salt water and can cause outbreaks, particularly during wars
and after natural disasters. In the first two years following the earthquake in Haiti, 2010,
more than 600,000 people were infected with V. cholerae serogroup O1, biotype Ogawa,
resulting in more than 7,000 deaths ?*. The clinical course is characterized by watery
diarrhea, which can be so severe that it can result in dehydration, hypovolemic shock and
death @9, V. cholerae colonizes the small intestine by employing the toxin-coregulated
pilus, after which it can cause severe infection and clinical symptoms through cholera
enterotoxin production *19,
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V. cholerae is able to utilize its acetate switch, the shift from elimination to assimilation of
acetate, to increase its own virulence ®'V. In a Drosophila model, it was demonstrated that
¢rbRS controlled the acetate switch, while acs/ was required for acetate assimilation @'V,
When either of these genes were knocked-out, mortality decreased. Competition
experiments demonstrated that WT V. cholerae had a growth advantage over strain
when the AcrbS strain and WT V. cholerae strains were administered together in a 9:1
ratio. This led the authors to suggest that acetate utilization may be important early in
infection, when low levels of V. cholerae cells are present @'V, Furthermore, acetate
consumption led to dysregulation of host insulin signaling pathways, ultimately leading
to intestinal steatosis and increased mortality. Dysregulation of host insulin signaling
was not observed in AcrbS or Aacs 1, further confirming the role of acetate in V. cholerae
virulence @'V,

V. cholerae has a master regulator, foxT, which can directly activate several virulence
factors including toxin production. Cholera toxin production was reduced by 97% when
V. cholerae was grown in presence of bile, which could be reversed after growing the
same cells in bile-free medium for a few hours ?'?. C¢x and #cpA, encoding for cholera
toxin and the major structural unit of the toxin-coregulated pilus and regulated by foxT,
were highly repressed during bile exposure ?!'?. Additionally, motility was increased
approximately 1.6-fold in presence of bile ?'?. To elucidate which exact components
of bile acids were responsible for the repression of these virulence genes, bile was
fractionated. It was found that several unsaturated fatty acids strongly repressed ctx and
tepA and that they upregulated expression of firA, leading to increased motility ?'3. The
reason for upregulation of fIr4 and downregulation of #cpA could be that the flagellum
increases the speed of passing through the mucus layer, while the pilus would only slow
it down. When lower concentrations of bile at the epithelial surface are encountered,
expression can be reversed ?'4.

Two outer membrane porins, OmpU and OmpT, are directly regulated by the master
regulator foxR. Upon encountering bile acids, ompU and ompT are regulated in such a
way that bile acid entrance is prevented ?!%2!9, Furthermore, AfoxR mutants are more
sensitive to bile acids due to changed outer membrane composition ?!9. Recently, it
was shown that toxR also regulates leuO @', LeuO was demonstrated to confer bile
resistance independent of the two porins, although its exact resistance mechanism is not
yet elucidated @'7.

Bacteriocin resistance in V. cholerae has, to our knowledge, not been studied and future
studies will have to reveal whether any resistance is present.

An important nutrient through which V. cholerae gains a competitive advantage is
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sialic acid, a component of the mucus layer. Using streptomycin pre-treated mice who
were given a mutant strain defective in sialic acid transport (AsiaM), it was shown that
sialic acid is not required for initial colonization, but that it is important for persistent
colonization ?'®, Competition assays of the two mutant strains in mouse intestine (small
intestine, cecum and large intestine) showed that AsiaM was less fit to compete in
each environment, further indicating the necessity of sialic acid utilization for niche
expansion of V. cholerae ?'®.

The El Tor strain may have a competitive advantage over ‘classical’ strains due to
its differential carbohydrate metabolism ?'”. When grown in a glucose-rich medium,
classical strains display a growth defect as compared to El Tor. It was observed that
this was due to production of organic acids through glucose metabolism, leading to
acidification of the medium. El Tor biotypes were found to produce acetoin, a neutral
compound, and decrease organic acid production. This prevented acidification of the
medium, leading to better growth. El Tor strains were also more successful in colonizing
mice, especially when extra glucose was administered. The classical types were shown
to be able to produce acetoin, but glucose only led to a minor increase in transcription
of genes necessary for acetoin production ??. These studies have shown that specific
metabolic pathways are used by V. cholerae to successfully colonize the gut.

One of the first studies on how the mucus layer can potentially be crossed by V. cholerae
was reported almost 50 years ago ?*”, Here, motile and non-motile strains were compared
for pathogenicity after administration to mice. It was observed that motile strains were
almost always deadly 36 hours p.i, while most non-motile strains had a mortality of
under 35% **°. One hypothesis offered by the authors was that together with mucinase,
the flagellum could effectively pass the mucus barrier ®2%. Specific mucin degradation
mechanisms employed by V. cholerae have been identified since, with hemagglutinin/
protease (Hap), and TagA being the major ones @222, Presence of mucins, limitation of
carbon sources and bile acids maximized production of Hap, while glucose could partly
reverse this effect @*). This may indicate that during conditions as encountered in the
gut, V. cholerae quickly aims to cross the mucus layer and be in close contact with the
epithelial cells. TagA, which is similar to StcE as described for EHEC, is also capable
of degrading mucin ?*?. In conclusion, V. cholerae has developed a way of sensing
environmental conditions, and in response to these, is able to upregulate virulence
factors which can degrade mucins. A simplified overview of V. cholerae virulence
factors opposing CR can be found in Fig. 2.
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Figure 2: Vibrio cholerae uses a wide array of mechanisms to overcome CR. First, it employs
its acetate switch to use acetate for upregulating its own virulence. Nothing about potential
bacteriocin resistance is presently known, and this subject remains to be studied. To protect itself
from bacteriophages, V. cholerae produces outer membrane vesicles (OMVs) which act as a
decoy binding site for the attacking phages (see section: Bacterial defense mechanisms against
bacteriophages). Regulation of outer membrane porins is such that they prevent entry of bile
acids when they are encountered. By employing specific mucin-degrading enzymes, V. cholerae
releases sialic acid and subsequently metabolizes it.

Y. enterocolitica

Yersiniosis is mostly contracted through contaminated food or water with Y.
enterocolitica, and its prevalence is much higher in developing countries than in high-
income nations (%220 [t is characterized by mild gastroenteritis, abdominal pain and
is usually self-limiting, though pseudo-appendicitis illnesses can occur 9, Virulence is
mostly conferred through presence of a 64-75 kb plasmid on which several virulence
genes are present, including yadA, which is crucial for epithelial adherence ?*".

Resistance of Y. enterocolitica against antibacterial compounds has not been much
studied. One study investigated effects of SCFAs, including acetic acid and propionic
acid, on Y. enterocolitica at 4°C. Y. enterocolitica was less sensitive to acetic acid
when cultured anaerobically than under aerobic culturing. Propionic acid was similarly
effective in inhibiting growth with both culture methods ?*®. Even though conditions
like 4°C are not representative for the intestinal environment, this study might provide
some initial clues on the effects of SCFAs on Y. enterocolitica. It is clear that more
research is required to further elucidate potential resistance mechanisms.

ompR, a transcriptional regulator in Y. enterocolitica, is probably able to upregulate

expression of the AcrAB-TolC efflux pump, which, in turn, is regulated by two
components of the efflux pump, acrR and acrAB ?*. A mixture of bile acids, but not
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the secondary bile acid deoxycholate, was found to be the strongest inducer of acR and
acrAB ?*), Whether the upregulation of these efflux pump components contributes to
bile acid resistance, remains to be elucidated.

Bacteriocin resistance is so far mostly unknown in Y. enterocolitica. WA-314 and 8081
are both 1B:0O8 strains that are highly infective in murine models **?. WA-314 possesses
a putative colicin cluster for colicin production, but no expression was observed in a
spot-on-lawn assay with 8081 and the colicin-sensitive E. coli K12 @9 1t is likely that
no specific resistance against colicin is present, as colicin has been shown to effectively
inhibit Y. enterocolitica infections in vivo ©?.

Like most other enteric pathogens, Y. enterocolitica has sophisticated systems to
acquire sufficient iron. Using these systems, Y. enterocolitica may be more efficient at
scavenging iron than commensal members, thereby providing itself with a competitive
advantage. Y. enterocolitica expresses yersiniabactin, ybt, a highly efficient siderophore
and a crucial component for lethality in mouse models ®*"-23?_ The exact mechanisms
for iron uptake and transport have been extensively reviewed elsewhere **¥. Proteomics
analysis revealed that Y. enterocolitica serovar 1A, whose pathogenic role is unclear,
uses different proteins to successfully scavenge iron, as it lacks the Ybt protein 3%,

Y. enterocolitica is the only pathogenic Yersinia species which can metabolize sucrose,
cellobiose, indole, sorbose and inositol 9. Additionally, it can degrade EA and 1,2-PD
by using tetrathionate as a terminal electron acceptor ?3,

Mucus layer invasion and adherence of Y. enterocolitica have been elucidated in great
detail several decades ago 2?9, The YadA protein is used for initial attachment to the
mucus ®9. The preferential binding side on mucins is their carbohydrate moiety, but
binding to mucin proteins is also possible under specific conditions **®. Y. enterocolitica
uses a plasmid, pYV, with mucin-degradation enzymes to thin the mucus layer,
facilitating crossing of the mucus layer @7 240, Y. enterocolitica containing the pYV
plasmid is not only able to successfully invade and degrade the mucus layer, but is also
highly efficient in multiplying in this environmen' ®*?, After interacting with the mucus
layer, its bacterial cell surface was altered so that Y. enterocolitica became less efficient
in colonizing the brush border . This may be a host response mechanism to prevent
Y. enterocolitica invasion in deeper tissues. In a rabbit infection model, persistent goblet
cell hyperplasia and increased mucin secretion was observed throughout the small
intestine over 14 days . The extent of hyperplasia was associated with severity of
mucosal damage, indicating a compensatory mechanism. Mucin composition changed
in infected rabbits, with a decrease in sialic acid and an increase in sulfate 239
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L. monocytogenes

L. monocytogenes causes listeriosis, a food-borne disease. Listeriosis is not highly
prevalent, with an estimated 23,150 people infected in 2010 worldwide, but has a high
mortality rate of 20-30% ©*D. The most common syndrome is febrile gastroenteritis, but
complications can develop, such as bacterial sepsis and meningitis ®*). This is especially
relevant for vulnerable patient groups, such as immunocompromised individuals,
neonates and fetuses *?. Virulence genes are present on an 8.2-kb pathogenicity island,
which includes internalin genes necessary for invading host cells @4,

Culturing L. monocytogenes in presence of high levels of butyrate leads to incorporation
of more straight-chain fatty acids in the membrane ®* 2% This is not a natural state
for L. monocytogenes, as normally its membrane consists for a very high percentage
of branched-chain fatty acids. When subsequently exposed to LL-37, it displays a
survival defect as compared to bacteria not grown in presence of butyrate @9, It was not
elucidated whether this survival defect was due to increased stress, altered membrane
composition or differentially regulated virulence factors. Effects of propionate on L.
monocytogenes growth, metabolism and virulence factor expression are dependent on
temperature, oxygen availability and pH @49, Therefore, it is not possible to ascribe a
general function to propionate in relation to L. monocytogenes.

L. monocytogenes possesses several bile acid resistance mechanisms, and in vitro
transcriptome and proteome analyses have provided insight into these. Transcriptomics
analysis revealed that in response to cholic acid, amongst others, two efflux pumps were
upregulated, mdrM and mdrT@*). BrtA was shown to regulate expression of the efflux
pumps, and to be able to sense bile acid levels. Bacterial abundance was determined in
multiple organs of mice infected with knockout strains of either efflux pump, but not in
the intestine @*?. Proteomic analyses found many changes in response to bile salts and
included proteins associated with efflux pumps, metabolism and DNA repair @49,

Bile salt hydrolases (BSH) are another way of combatting encountered bile acids.
It was demonstrated that all Listeria species which infect mammals showed BSH
enzyme activity. BSH was crucial during infection of guinea pigs, demonstrated by the
decreased ability of Absh to cause a persistent infection ®*. At decreased pH levels, e.g.
in the duodenum, bile salts are more acidic and show higher toxicity **”. However, this
toxicity seems to be strain-dependent @Y. The strain responsible for a 2011 outbreak
even displayed higher bile resistance at pH 5.5 than at 7.0, further indicating that bile
susceptibility may be strain-dependent 3V,

As discussed in the introductory section on bacteriocins, the Abp118 bacteriocin produced
by L. salivarius, protected mice from L. monocytogenes infection 9.
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However, several bacteriocins have been shown ineffective against L. monocytogenes
and responsible mechanisms have been partly elucidated. Innate nisin resistance has been
associated with multiple loci 2. One crucial gene was anrB, encoding for a permease
in an ABC transporter. Loss of this gene resulted in high sensitivity, not only to nisin,
but also to several other bacteriocins *?. The mannose phosphotransferase system (Man-
PTS), encoded by mptACD, is a main sugar uptake system and two of its outer membrane
proteins, IIC and IID, can serve as a class II bacteriocin receptor *%. In natural resistant and
spontaneous resistant strains, areduced expression of mp¢C and mptD was observed, although
this could not be linked to receptor mutations ®*¥. The mpt operon is partly regulated by
manR, and a manR mutant did not show any activation of the mpt operon . Development
of bacteriocin resistance was to some extent dependent on available carbohydrates ¢,
Several sugar sources impaired growth of L. monocytogenes when exposed to bacteriocin
leucocin A. Increased sensitivity to leucocin A was hypothesized to relate to sugar uptake
by Man-PTS. When specific sugars are present, cells may not downregulate this system
even in presence of bacteriocins, which possibly allows leucocin A to use the Man-PTS as
a docking molecule ®®. Not only does L. monocytogenes display bacteriocin resistance,
it also produces a bacteriocin, Lysteriolysin S, which modifies the gut microbiota such
that intestinal colonization is promoted ®*?. Allobaculum and Alloprevotella, genera known
to contain SCFA-producing strains, were significantly decreased in mice treated with
Lysteriolysin S. L. monocytogenes strains unable to produce Lysteriolysin S were impaired
in competing with native gut microbiota and colonized less efficiently 7.

Most reports about metabolic adaptations of L. monocytogenes have logically described
intracytosolic adaptations, as L. monocytogenes replicates intracellularly ®®. Limited
information is available on nutrient competition of L. monocytogenes inside the lumen.
Comparison of genome sequences between colonizing Listeria and non-colonizing
Listerialed to identification of, amongst others, a vitamin B12-dependent 1,2-propanediol
(1,2-PD) degradation pathway in colonizing Listeria, dependent on the pduD gene @,
Mice were co-infected with a ApduD strain and a WT strain. Within 3 hours after
feeding, a large amount of the ApduD was shed in feces and 21 hours later the number
of viable cells decreased significantly. At ten days p.i, the ApduD strain was completely
cleared, while the WT strain shed for up to four more days. This indicates that the ability
to degrade 1,2-PD offers L. monocytogenes a distinct competitive advantage ®>?).

Multiple adhesins and internalins have been characterized which facilitate L.
monocytogenes retention in the mucus layer ?¢-269 [nIB, InlC, InlL and InlJ were
demonstrated to bind to MUC2, but not to epithelial cell surface MUC1 @62 263,
Histopathological analysis of a listeriosis rat model revealed that L. monocytogenes was
present in the mucus layer after less than 3 hours p.i ®°D. At this time point, very few L.

monocytogenes were present on the epithelial cells %D,
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Bacterial defense mechanisms against bacteriophages

As research investigating how each enteric pathogen overcomes CR by rendering
bacteriophages ineffective is still in its infancy, this general section will describe the most
employed resistance mechanisms. The bacteriophage infectious cycle involves a lytic and
a lysogenic cycle. Phages have to bind to a receptor on the bacterial surface to be able to
insert their genomic material, usually DNA, into the bacterial cytoplasm and subsequently
circularize their DNA @9, Here, lysogenic and lytic bacteriophages’ mechanisms start to
branch (Fig. 3). Lytic phages start DNA replication, assemble their proteins and pack their
DNA into the typical bacteriophage shape with a capsid head and tail. After sufficient
replication, phages use lytic enzymes to form holes in the bacterial cell membrane,
eventually leading to lysis of the cell and phage spreading. Lysogenic phages integrate
their DNA in the bacterial chromosome and become prophages. Reproduction is then
ensured through vertical transmission, and upon induction, prophages can also enter the
lytic cycle @ (Fig. 3). In general, factors that induce the lytic phase are compounds or
conditions with bactericidal effects, e.g. a DNA damaging-agent 0,

f CRISPR-Cas —— | @

Induction factors
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T \
rtive infection 2
Abortive infectio 72\/\?/\;/-\/\//\\ @
_|_

BREX and restriction modification systems

Figure 3: Lytic and lysogenic bacteriophage infection cycle with bacterial defense mechanisms.
The first two steps (1 and 2) of infection are identical for the lytic and lysogenic cycle, namely
phage binding followed by DNA insertion and DNA circularization. The lysogenic cycle then
branches off by integrating its DNA into the bacterial chromosome and becoming prophage,
thereby ensuring its replication (3b). Only upon encountering induction factors will the prophage
leave the bacterial chromosome, after which it can enter the lytic cycle (4b and 5b). In the lytic
cycle, phage DNA and protein is replicated and subsequently assembled into full phages (3a
and 4a). The phages then lyse the bacterial cell, are released and can infect other bacteria (5a).
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Bacteria possess multiple mechanisms to prevent killing by bacteriophages, starting with blocking
attachment. This can be achieved through phase variation or production of OMVs. After phage
DNA entry, CRISPR-Cas can recognize this foreign DNA and degrade it. Phage DNA and protein
replication can be prevented by BREX and restriction modification systems, while full phage
assembly can be prevented by abortive infection.

The first step for preventing bacteriophage infection is to prevent surface receptor
recognition. Outer membrane vesicles are produced by Gram-negative bacteria and
have several functions, including interbacterial communication . They have highly
similar surface composition as the bacterium and may thereby serve as decoys for
attacking phages ®%® (Fig. 3). Indeed, V. cholerae outer membrane vesicles were shown
to neutralize a V. cholerae specific phage in a dose-dependent manner (Fig. 2) ?*®, This
effect was only seen when the O1 antigen, the bacteriophage target on V. cholerae, was
included in the outer membrane vesicle structure %,

V. cholerae possesses another mechanism to prevent O1 phage receptor recognition @%%
(Fig. 3). Two genes necessary for Ol biosynthesis were shown to use phase variation
to induce variation in the Ol antigen composition ?*), Mutants using phase variation
were resistant to the O1 antigen phage, but displayed impaired colonization in a mouse
model ®. As the O1 antigen is an important virulence factor, e.g. for immune evasion,
this demonstrates that enteric pathogens constantly have to deal with multiple CR
mechanisms @9,

The second step in phage infection is injection of its DNA, and this can be prevented
by superinfection exclusion systems which are mostly coded by prophages (Fig. 3). The
E. coli prophage HK97 encodes for gpl5, a probable inner transmembrane protein ¢70,
Remarkably, HK97 gp15 has putative homologues resembling the YebO protein family
in many Enterobacteriaceae ®. GP15 prevented DNA injection into the bacterial
cytoplasm by preventing proper formation of a complex consisting of an inner membrane
glucose transporter and part of the tape measure protein ?’*2"D, This example illustrates
how bacteria can incorporate phage DNA to prevent itself against future phage attacks.

DNA replication can be prevented by restriction-modification systems (Fig. 3). These
systems consist of a methyltransferase and a restriction endonuclease. Exogenous
DNA is not tagged by this methyltransferase, while ‘self” DNA does get tagged @727,
Subsequently, non-tagged DNA can be cleaved. This system is viewed as a primitive
innate bacterial defense system. However, it was found that this system is not perfect, as
these restriction-modification systems can also attack self-DNA @7,

Currently, many groups are actively investigating the adaptive bacterial immune system
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CRISPR-Cas and this has been extensively reviewed elsewhere 7> 279, CRISPR-Cas
is present in about 45% of sequenced bacterial genomes, although it is unknown if its
prevalence is similar in gut bacteria ?’”-?’®. In short, it consists of CRISPR arrays, sets
of short repetitive DNA elements with variable DNA sequences (spacers) separating
the repetitive DNA sets, and of an operon of CRISPR associated genes (Cas). Spacers
are pieces of foreign DNA, derived from bacteriophage DNA or other mobile genetic
elements such as plasmids. The defense mechanism consists of adaptation followed
by expression and interference. During adaptation, Cas proteins can recognize foreign
phage DNA and integrate a piece of this DNA as a new spacer into the CRISPR array.
This allows the bacterium to build an immunological memory of all phages it previously
encountered. The expression response entails transcription of the CRISPR array,
followed by processing into smaller RNA pieces (crRNAs). CrRNAs consist of two
outer parts of repeated DNA sequences, with a spacer in between. To form the eventual
Cas-crRNA complex, crRNAs are combined with at least one Cas protein. This complex
then travels through the bacterial cell and when it identifies a complementary DNA
sequence, representative for the previously encountered bacteriophage, it cleaves and
degrades this foreign DNA.

In 2015, anovel phage resistance system was discovered, called bacteriophage exclusion
(BREX) @™ . BREX is able to block DNA replication, but does not prevent bacteriophage
attachment to the bacterium (Fig. 3). It also uses methylation as guidance to identify self
and exogenous DNA, but is different from restriction-modification systems as it does
not cleave exogenous DNA @7, Almost 10% of all bacterial genomes sequenced were
found to have this BREX, suggesting that it is quite a conserved defense mechanism
against bacteriophages @’. In spite of this promising defense mechanism, no further
papers have been released regarding BREX functioning in e.g. pathogenic bacteria.

Bacterial cells can perform an apoptosis-like action called abortive infection, resulting
in death of the infected cell and hereby protecting surrounding bacterial cells % (Fig. 3).
These systems have not been much elucidated for enteric pathogens at a molecular level,
though, relevance of this system has been shown for the gut bacteria S. dysenteriae and
E. coli ®®-282_ The abortive infection systems are best studied in L. lactis, a bacterium
widely used in production of fermented foods @8

Concluding remarks
Currently, bacterial enteric infections still cause a heavy disease burden worldwide. For

many bacterial pathogens, the virulence factors involved in infection are understood, but
less is known concerning the failure of gut microbiota to provide colonization resistance
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against these enteropathogens. A more comprehensive understanding of why the
microbiota fail to confer sufficient CR could lead to development of specific therapies
aiming to restore CR. It is likely that not a single bacterium will be used as the ‘holy
grail’ to restore CR, but that bacterial consortia with complementary functions will be
used instead. This would be preferable over the currently often used FMT, where it is
not well known what exact components are transferred to the patient. One could imagine
that these consortia could not only be used to treat existing infections, but that they
could also be administered prophylactically in susceptible patient groups. In addition,
more attention has recently been given to several drugs that were previously not linked
to gut health for their potentially disturbing effect on gut microbiota and perhaps CR.
In conclusion, we reviewed many of the latest insights in the rapidly evolving fields of
gut microbiota, colonization resistance and bacterial enteric infection. We are looking
forward to the coming years, where undoubtedly more knowledge will be gained on gut
microbiota and CR, ultimately leading to more microbiota-based therapies.
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Abstract

Treatment of bacterial infections with broad spectrum antibiotics is a strategy severely
limited by the decreased ability of the perturbed resident microbiota to control expansion
of antibiotic resistant pathogens. Live Biotherapeutic Products (LBPs) could provide an
alternative to antibiotics in infection control by restoring gut colonization resistance
and controlling expansion of resistant strains, an important therapeutic need not being
addressed with existing anti-infective drug modalities. We review opportunities and
challenges in developing LBPs for MDRO colonization and infection control, with a
focus on commercial FMT-like products and defined bacterial consortia, and spanning
considerations related to availability of models for rational drug candidate selection
and dose regimen selection, good manufacturing practice, intellectual property, and
commercial viability.
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Focus and definitions

FDA defines LBPs as “a biological product that: 1) contains live organisms, such as
bacteria; 2) is applicable to the prevention, treatment, or cure of a disease or condition
of human beings; and 3) is not a vaccine” . Within FDA, The Center for Biologics
Evaluation and Research (CBER) is responsible for regulating LBPs, and their licensure
is obtained by approval of a biologics license application (BLA) 2. A number of drug
modalities currently being advanced meet the definition of LBP, including procedures to
transplant fecal microbiota or spore fractions from fecal microbiota, as well as products
of defined composition, such as single bacterial strains, engineered bacterial strains, and
defined bacterial consortia. Furthermore, LBPs may be administered orally, rectally,
topically, or as injectables. This piece focuses on orally and rectally delivered LBPs
consisting of natural, unmodified bacteria, which have drawn most interest to date in
the context of antimicrobial resistance (AMR), and excludes injectables, topicals, and
LBPs consisting of engineered bacterial strains. Development considerations pertinent
to engineered LBPs have been reviewed elsewhere 1.

Opportunity for Live Biotherapeutic Products (LBPs) in
the context of AMR

The gut is a reservoir for numerous multi-drug resistant organisms (MDRO), including
Enterobacteriaceae such as Escherichia coli, Klebsiella pneumoniae or Enterobacter
aerogenes, and Enterococci such as Enterococcus faecium and E. faecalis. Antibiotic
use associated with a range of medical procedures results in collateral damage to the
gut microbiota resulting in an increased risk for development of infections, including by
Clostridioides difficile, and acquired colonization with MDRO [+,

The extensive use of antibiotics can also contribute to bacteria developing antibiotic
resistance mechanisms. As physicians have become more aware of these threats and
antibiotic stewardship programs have been put in place, antibiotic sales volumes have
dropped in the US ), which combined with severe pricing pressure, has led to an exodus
of pharmaceutical companies from anti-infective drug development. LBPs could
contribute to breaking this vicious cycle in several ways. First, the expansion of resident
or acquired MDROs could be kept in check by helping restore the host microbiota after
an antibiotic perturbation. This could be particularly useful in vulnerable populations
such as patients undergoing hematopoietic stem cell transplantation, intestinal surgeries,
organ transplants, chemotherapy, or dialysis. Second, LBPs should not contribute to
selecting resistant strains from susceptible populations and therefore no LBP stewardship
should be necessary. Supporting this promise, fecal microbiota transplantation (FMT)
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has shown high efficacy in prevention of recurrent Clostridioides difficile infection
(CDI) ® and defined bacterial consortia have shown promise in rodents models of
vancomycin-resistance Enterococcus (VRE) infection Pl

Recent work has started to shed light on the mechanisms of post-antibiotic gut
microbiome recovery, paving the way for developing targeted prevention strategies 1.
Modes of action through which LBPs may achieve successful eradication or prevent
colonization of MDROs include competition for nutrients, production of short-chain
fatty acids (SCFA), conversion of primary to secondary bile acids, and production of
bacteriocins, among others [' 12, There is some limited evidence that administration of
an LBP consisting of a single microorganism can help prevent C. difficile infection
and significantly more evidence that administration of complex bacterial communities
such as FMT and defined bacterial consortia® 'Y can be therapeutically useful. Therefore,
we focus here on challenges specific to LBPs consisting of FMT and defined bacterial
consortia.

Undefined vs defined LBPs

The two main categories of LBPs that have received attention from drug developers
to address AMR are commercial FMT and FMT-like procedures and defined LBPs
consisting of single bacteria or consortia of bacteria. FMT and FMT-like procedures
consist of full bacterial communities from fecal donor samples or spore fractions of such
communities, administered rectally '3 or orally ['® "I, The focus for these procedures
is on standardizing the steps to identify and screen healthy fecal donors, and process,
store, ship, and administer the stool formulations. Given the variation of microbiota
composition across individuals and over time, the composition of the resulting products
varies with each donation and is thus undefined in nature. Regulation of these products
is primarily concerned with the process by which they are prepared for transplantation,
rather than its undefined contents. Defined LBPs, in contrast, consist of a limited set
of bacterial species produced by fermentation from clonal cell banks, resulting in a
final product of defined, standardized composition. Regulation of defined LBPs is
concerned with both the process as well as the specific components of the product, with
an increased scrutiny of characteristics of the component strains such as their genetic
identity and their potential for transferring virulence or antibiotic resistance genes to
other members of the microbiota.

Challenges to development of LBPs

Biological complexity
The single most formidable challenge for development of LBPs is perhaps the sheer

80



CHAPTER 3

complexity of the biology being uncovered, and yet to be uncovered, on the role of host
microbial communities in human health and disease. The mechanisms by which bacteria
influence host phenotypes are often highly pleiotropic, rendering reductionistic potency
assays to be of limited value in the development of LBPs. The understanding of the role
of host microbial communities in disease is only partial, making selection of optimal
patient populations for clinical studies a complex endeavor. The knowledge of the
fundamental rules that govern assembly of microbial communities is still in its infancy,
making bottom-up approaches to rational construction of drug candidates consisting of
bacterial communities rudimentary for now. Perhaps the most salient departure from
traditional development of drugs based on small molecules, proteins, or oligonucleotides
is that, while transdisciplinary approaches using chemistry, biology, and computational
science have been successful to enable these modalities, development of LBPs needs
to rely heavily on insights from microbial ecology, a discipline largely ignored by the
pharmaceutical industry to date.

Determination of Pharmacokinetic - Pharmacodynamic relationships and dose
regimen selection

Pharmacokinetics (PK) is the study of how the host affects the fate of an exogenously
administered drug. In the context of LBPs, this should ideally include studying how
abundantly and durably the product strains colonize the host, and what proportion of
the product strains colonize a given host at a given time. Pharmacodynamics (PD) is the
study of how a drug affects the organism, traditionally with a focus on the biochemical
and physiologic effects of the drug on the host. This definition is still relevant to LBPs,
but study of the PD of an LBP additionally requires understanding the ecological effects
of the drug on the host resident microbial community.

It is impossible to fully understand the action of a drug unless the relationship between
drug exposure and effect has been reasonably well described. The inherent batch-
to-batch variability in the composition of FMT and FMT-like procedures makes it
challenging to reasonably describe in a quantitative manner the relationship between
PK and PD and thus rationalize clinical successes and clinical failures. In contrast,
quantifying with precision the PK of defined LBPs is complex but feasible. It needs to
address the non-trivial technical problem of discriminating exogenously administered
LBP strains from closely-related resident strains in the host’s bacterial community. This
has been achieved by culturing the strains in a defined LBP and obtaining high quality,
complete genome sequences from which unique genetic markers can be derived and
used to track strain-level engraftment from metagenomic sequencing of DNA isolated
from fecal material !'® 1), Recent clinical work following this approach has started to
illuminate some basic features of LBP PK that are likely to be generalizable, specifically
showing that higher dose, more frequent administration, and pretreatment with short
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courses of antibiotics to create a niche for the LBP to engraft can significantly improve
the abundance and durability of LBP strain colonization, as well as the proportion of
LBP strains that colonize '8,

Quantifying the PK of a defined LBP is thus already possible. Predicting the PK of
an LBP however, remains a significant challenge. Successful colonization of LBPs
will likely be a function of a combination of features of the LBP, the host resident
microbiota, the host, and other environmental factors. Key features of the LBP that
influence colonization include dose, dose frequency, and species traits that may help
with engraftment in the gut (e.g. a shared evolutionary history with the host). Features of
the resident bacterial community that influence the success of invasion by an exogenous
LBP may include bacterial density ?”, diversity, and community structure, among others.
Features of the host that may influence colonization include disease status, age, the
host immune system, and host genetics. Finally, other environmental factors including
diet and previous or concomitant drug use may have particularly salient effects on PK.
Among drug-LBP interactions, interactions with broad spectrum antibiotics represent a
case of particular medical interest in the context of AMR. Antibiotic perturbation can
significantly lower the bacterial density and diversity of the resident gut community %,
thus freeing up resources for invaders and creating a niche for LBP engraftment.

The factors outlined above, combined with the host specificity of bacterial communities,
render use of rodent animal models of limited value in the selection of dose and dose
regimens for human studies. Healthy volunteer studies, controlled human infection
models (CHIM), or ultimately dose-ranging studies in patients provide a more
representative, albeit expensive alternative to determining PK-PD relationships. Early
clinical efforts in the microbiome field omitted dose ranging exploration altogether
before advancing drug candidates to late stage efficacy studies, and this may have been
a factor contributing to clinical failures 2!1.

Exploration of pharmacodynamic effects of LBPs on the resident host microbiota
is complicated by the myriad community features revealed by metagenomics,
metabolomics and proteomics analyses. This work could be significantly aided by the use
of standardized indices of gut microbiota health or disease susceptibility. Such indices
may rely on measures of community structure that correlate with clinical outcomes.
For example, oligodomination by certain opportunistic pathogens has been strongly
associated to risk of infection ??. In the context of AMR, such indices may support
the development of LBPs by quantifying in a simple, easy to comprehend manner, the
risk that a given patient may become infected and/or dominated by a pathogen, and by
serving as a surrogate measure of the contribution of an LBP towards outcomes such as
lowering infection risk for that patient 2324,
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Intellectual Property

Obtaining patent protection is an essential component of successful drug development. An
important element in obtaining patent protection for LBPs in the US has been navigating
requirements codified in the United States Code (USC) as 35 USC § 101 (utility). This
requirement defines the boundaries of what is patent eligible, to the exclusion of “natural
phenomena”. The US Supreme Court in Mayo ! and Myriad [26] limited the scope of
patent eligibility for natural products, making it more difficult to obtain composition of
matter claims covering such products. Nevertheless, several applicants have obtained
composition of matter claims on defined LBPs ! by arguing successfully that their
claims combine additional elements that result in new functional properties that yield
something that is “significantly more” than what exists in nature ?®. Obtaining broad
patent coverage can be more challenging for FMT products, which have not received
broad composition of matter claims due to a combination of factors including lack of
differentiation from what exists in nature, lack of novelty over prior art, and inability to
sufficiently describe the composition of the FMT preparation. Instead, applicants have
resorted to pursuing narrower method of use claims highlighting unique modifications to
the stool preparation process such as filtration, lyophilization, or encapsulation steps 1%,

Challenging marketplace for anti-infectives

The last decade has seen a massive exodus of pharmaceutical companies from anti-
infective drug development due to structural economic issues that ultimately result in
the inability to make meaningful profits from selling antibiotics. A first, salient issue
with the economic marketplace is that US hospitals are strongly incentivized to use
cheaper antibiotics whenever possible, unless there is absolute clinical need for more
expensive antibiotics, because US insurers pay for in-patient antibiotics as part of a
lump sum to hospitals, and thus cheap antibiotics increase hospital profit margins [,
For example, fidaxomicin has been proven superior to vancomycin, a cheap generic,
in sustained cure of CDI, but its uptake has been limited due to pricing concerns %,
Most drugs are not paid for like this. Oral LBPs which do not require administration in
a hospital setting and can instead be taken at home may partially circumvent this issue,
but ultimately only proposed reforms currently before Congress like the DISARM Act
can fix this structural issue. A second issue with the marketplace is that stewardship
programs aimed at limiting spread of AMR put downwards pressure on sales volumes
of new antibiotics, the use of which is left as a last resort. This has led to calls for new
regulation delinking antibiotic sales volume from return on investment through prizes
or insurance-like models B!, The current framework for AMR stewardship is based on
small molecule antibiotics and focuses on limiting the selection of resistant strains as a
result of antibiotic use. The mechanisms of action by which LBPs help restore the gut
microbiota and its colonization resistance against pathogens are highly unlikely to elicit
selection of resistant strains, and in fact could help limit the expansion of host-resident
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resistant strains which could otherwise thrive in a perturbed microbiota. As a result, we
predict that there should not be downwards pressure on sales volumes of a hypothetical
successful LBP anti-infective.

Good Manufacturing Practice

Manufacturing of FMT-like products and defined LBPs intended for oral or rectal
administration (and thus, likely based on anaerobic organisms) has a few shared
challenges. These include minimizing exposure to oxygen, in particular in steps of the
process where the organisms are metabolically active and preserving the viability of
bacterial cells during processing and storage. A variety of factors influence the viability
of bacteria during the manufacturing process and subsequent storage, including oxygen
exposure, growth media, shearing, composition of the buffer solutions used to suspend
the bacteria before freezing or freeze-drying, cooling rate, and freeze-thaw cycles,
among others. The problem of maintaining cell viability during freezing and particularly
during freeze-drying for long term storage deserves special attention, as it is one of
the most technically challenging steps of manufacturing an LBP. During freezing and
freeze-drying, the bacterial cell wall is exposed to mechanical forces due to formation
of ice crystals inside and outside the cell, which can disrupt the membrane and kill the
cell. During freeze-drying, furthermore, the process of removing water by sublimation
generates osmotic pressures that can damage the cell membrane. Optimization of freeze-
drying cooling cycles and development of buffer solutions containing cryoprotectants
or lyoprotectants is therefore an important step to ensure the long-term preservation
of LBPs. While preservation conditions for a number of aerobes and some facultative
anaerobes such as E. coli, and Lactobacillus and Lactococcus species has been described
in the literature, there is very little published on the topic of preservation of anaerobic
gut commensals %, Further complicating the matter of long-term preservation of LBPs,
the efficiency of cooling regimes and cryoprotectant and lyoprotectant substances can
be highly bacterial species-specific.

There are certain manufacturing considerations that are unique to FMT-like products.
Feces are a heterogenous substance composed of bacteria, viruses, fungi, food, and host
secretions, which does not naturally yield itself to precise characterization. Consequently,
manufacturing considerations emphasize rigorous donor screening and processing of stool
donations, and relatively de-emphasize in-depth characterization of the composition,
which would vary with every donation. FMT is performed using suspensions made of
donor stool from carefully selected and screened healthy individuals. Donors undergo
extensive health questionnaires and their blood and stool samples are analyzed for a list
of known pathogenic viruses, bacteria, and parasites before being accepted. Recently,
some amendments have been introduced to this process as a result of FDA’s issuance
of a series of safety alerts on the potential risks of life-threatening infections with the
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use of FMT 334 and on the risk of transmission of Sars-CoV-2 with FMT, leading to
a halting of FMT studies in the US during 2020. Processing of stool donations varies
depending on whether the final formulation is intended for oral or rectal administration.
Stool samples may undergo a series of steps to filter the non-microbial components of
stool, or the non-spore forming bacterial components of stool, depending on the product.
FMT drug product may be released after meeting a specification of potency consisting
of an estimate of the total aggregate of viable organisms present in the product, and
the same assays may be used to demonstrate the FMT product stability for the planned
duration of the clinical studies in which it is being used.

Defined LBP manufacturing considerations, by virtue of the composition being known
and standardized, can put increased emphasis on the characterization of the component
strains and less emphasis on an in-depth understanding of the donor from whom the
strains were originally isolated. FDA expects a description of the drug substance
including the biological name of each of the strains and strain designations, the
original source of each of the strains, their passage history, and a description of the
phenotype and genotype of the product strains[!). Furthermore, sponsors are expected to
characterize their LBPs using assays that assure the identity, purity, and potency of the
drug substance and final drug product, and to apply these same assays over time as part
of a stability program to ensure the product remains within specification for the duration
of the proposed clinical studies. Identity tests are expected to detect each of the bacterial
strains that compose the LPB, and to discriminate among LBP component strains. High
quality genome sequences for each strain can provide an authoritative identification of
each organism and enable comprehensive identification of potentially undesirable safety
traits such as antibiotic resistance genes or virulence factors. A further assessment of
the risk of transmission of such genes to relevant microbial flora (for example, based
on proximity to mobile elements) is of particular interest. Sponsors are also expected to
determine the antibiotic resistance phenotypes of the LBP strains, with a particular focus
towards identifying clinically relevant antibiotics that can be used as rescue therapies in
the event of an infection suspected to be caused by LBP strains. Purity tests are expected
to show the absence of contaminating bacteria or yeast above acceptable limits. Potency
tests commonly used for LBPs assess the product viability, for example in terms of
viable CFUs per dose.

Defined LBPs are manufactured starting from clonal cell banks via fermentation,
which may require optimization of growth media and physiological parameters like
mixing, temperature, pH, retention time, and redox potential. After fermentation,
bacteria are harvested by downstream steps such as filtration, which may require
selection of appropriate filtration membranes and optimization of process variables such
as transmembrane pressure and flow rates to minimize shear-induced damage to the

85



CHAPTER 3

bacterial cell. A further challenge inherent to multi-strain defined LBPs manufactured
as monocultures is that the number of banking campaigns, production runs, and
characterization assays required scales linearly with the number of strains in the product.
Taken together, these considerations impose a significant burden on drug developers but
also create an opportunity to innovate: a non-trivial amount of the advances made by
LBP developers will originate in their process development and GMP manufacturing
activities.

Preclinical and clinical models to discover LBPs and study their pharmacology

While not strictly required by FDA, use of in vivo and in vitro models to test the efficacy
and characterize the mechanism of action of LBP candidates prior to use in humans can
be a sensible business decision. A challenge in use of animal models to study efficacy
of microbiome drugs is that it is not always clear what microbiome endpoints are the
most relevant surrogates of therapeutic efficacy. For example, pinpointing a specific
microbiome endpoint most predictive of efficacy in treating immune or metabolic
disease is not straightforward. An advantage of designing LBPs for use in AMR is
the relative clarity of the microbiome endpoints used to quantify efficacy and their
relation to the therapeutic goal: the microbiome endpoint of an animal model used for
efficacy testing may be reduction or elimination of MDRO carriage in the gut (e.g.,
carbapenem-resistant Enterobacteriaceae [CRE], extended spectrum beta-lactamase
[ESBL], or VRE), and the therapeutic goal may be to prevent infection outcomes with
that same MDRO. Rodents, for example, have been colonized (at least temporarily)
with pathogenic MDRO strains that infect humans, without resorting to surrogate
mouse pathogens *, and used to rationally select defined bacterial consortia that reduce
intestinal colonization. Whether the surrogate endpoints of decolonization models truly
predict clinical outcomes of LBPs will have to be demonstrated in future clinical studies.

A challenge in measuring efficacy of LBPs in AMR applications is the difficulty in
anticipating which patients will be exposed to the pathogen, become colonized, and
develop disease, which complicates execution of clinical studies powered on the basis
of disease outcome endpoints. CHIM, where carefully selected human volunteers are
deliberately infected with well-characterized infectious agents in a controlled setting
can be an effective way of measuring the efficacy of a drug agent in these circumstances.
CHIM have the advantage of decreasing the number of patients needed to detect
efficacy in phase 2 and 3 trials, and have been used for testing vaccines in early in
clinical development, dating back to 1900 5. CHIM offer the opportunity to study
the physiological, immunological and metabolic changes that occur upon infection,
including potentially assessing the role of the gut microbiome in transmission of
antibiotic resistance and virulence genes.
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Conclusion

Identification of commensal bacteria that can restore gut colonization resistance after
antibiotics in high-risk patients is an important new strategy to prevent infection
and transmission of MDROs. Use of LBPs as anti-infectives could circumvent a key
limitation of antibiotics, namely the need for stewardship driven by selective pressure
on resistant strains, while providing a potentially safe and convenient way of restoring
the microbiota after antibiotic use in high risk patient populations.
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CHAPTER 4

Abstract

When studying the microbiome using next generation sequencing, DNA extraction
method, sequencing procedures and bioinformatic processing are crucial to obtain
reliable data. Method choice has been demonstrated to strongly affect the final biological
interpretation. We assessed the performance of three DNA extraction methods and two
bioinformatic pipelines for bacterial microbiota profiling through 16S rRNA gene
amplicon sequencing, using positive and negative controls for DNA extraction and
sequencing, and eight different types of high- or low-biomass samples. Performance
was evaluated based on quality control passing, DNA yield, richness, diversity and
compositional profiles. All DNA extraction methods retrieved the theoretical relative
bacterial abundance with maximum three-fold change, although differences were seen
between methods, and library preparation and sequencing induced little variation.
Bioinformatic pipelines showed different results for observed richness, but diversity
and compositional profiles were comparable. DNA extraction methods were successful
for feces and oral swabs and variation induced by DNA extraction methods was lower
than inter-subject (biological) variation. For low-biomass samples, a mixture of genera
present in negative controls and sample-specific genera, possibly representing biological
signal, were observed. We conclude that the tested bioinformatic pipelines perform
equally with pipeline-specific advantages and disadvantages. Two out of three extraction
methods performed equally well, while one method was less accurate regarding retrieval
of compositional profiles. Lastly, we again demonstrate the importance of including
negative controls when analyzing low bacterial biomass samples.
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Importance

Method choice throughout the workflow of a microbiome study, from sample collection
to DNA extraction and sequencing procedures, can greatly affect results. This study
evaluated three different DNA extraction methods and two bioinformatic pipelines by
including positive and negative controls, and various biological specimens. By identifying
an optimal combination of DNA extraction method and bioinformatic pipeline use,
we hope to contribute to increased methodological consistency in microbiota studies.
Our methods were not only applied to commonly studied samples for microbiota
analysis, e.g. feces, but also on more rarely studied, low-biomass samples. Microbiota
composition profiles of low-biomass samples (e.g. urine and tumor biopsies) were not
always distinguishable from negative controls, or showed partial overlap, confirming
the importance of including negative controls in microbiota studies, especially when
low bacterial biomass is expected.

Introduction

Humans constantly interact with microbes that are present in the environment and
reside on or within the human body. Recently, the attention for microbes has shifted
from an exclusive interest in the pathogenicity of specific microbes toward the potential
beneficial role of the microbiota in human health . The gastrointestinal tract contains
the highest number of microbes and has been the most extensively studied body site
of all human microbial communities ®. However, many other body sites are inhabited
by various microbes composing a specific microbiota, such as the oral region, skin and
urogenital system. Microbial complexity varies between these niches, e.g. a healthy
vaginal microbiota is often mainly composed of a few Lactobacillus strains, while gut
and skin microbiota are usually more diverse .

A limiting factor in current microbiome research is that comparison of various study
results is often difficult due to the application of different methodologies and lack of
appropriate controls. These differences can affect data outcomes and lead to variation
as large as biological differences @. Variation can be introduced throughout the entire
workflow, from sample collection, storage and processing to data analysis . Recently,
more attention has been devoted to standardizing the workflow of microbiome research.
For instance, it was observed that DNA extraction has a large impact on obtained data“?
and consensus has been achieved regarding the application of bead-beating to increase
efficiency of cell wall lysis and thereby improve the yield of Gram-positive bacterial
DNA (19 Nevertheless, various kits and in-house extraction methods are used across
different laboratories. Recently, Costea et al. evaluated 21 DNA extraction methods
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across three continents and suggested one protocol, named protocol Q, as ‘golden
standard’ for human fecal samples ®. They stated that it was unknown whether this
method is optimal for other samples than fecal material, e.g. for low-biomass samples.
To evaluate performance of DNA extraction for low-biomass samples, it is crucial to
include multiple negative controls to allow for identification of bacterial DNA introduced
during the entire workflow, from sample collection to sequencing 1.

As part of optimizing the procedures for 16S rRNA gene amplicon sequencing-based
microbiota studies in our facility, we evaluated three DNA extraction methods and
two bioinformatic pipelines using various positive controls and negative controls. In
addition, we applied these DNA extraction methods to various biological specimens.

Results and discussion

Mock communities pass quality control

We evaluated three different DNA extraction methods and two bioinformatic pipelines
for microbiota profiling through 16S rRNA gene amplicon sequencing (Fig 1) using
several positive and negative controls. Included positive controls were two bacterial
mock communities and one DNA standard. Included negative controls were DNA
extraction controls and sequencing controls. Quality control (QC) passing (DNA
concentration and intact genomic fragment) were evaluated to determine extraction
method performance. It was expected that positive controls would pass QC, while
negative controls would not. Regarding mock communities, all extractions using Zymo
and Q passed QC, while for Magna one extraction did not pass QC for both the ATCC
mock community and Zymo mock community (Table S3). This was not unexpected,
as mock communities were diluted for extraction using Magna and, therefore, DNA
concentrations were lower. Negative extraction controls did not pass QC for Q and
Magna, but they did for Zymo. This likely represents a higher contamination load during
the extraction process for Zymo, which was also reflected by higher DNA concentrations
(Table S3). A full overview of all samples included in this study, their QC passing and
DNA concentrations can be found in Table S4.
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Figure 1: Study design workflow. DNA was extracted from human specimens and positive and
negative controls using three different DNA extraction methods. DNA extraction performance was
assessed on DNA yield and QC passing. Extracted DNA, and positive and negative sequencing
controls were sequenced. Raw sequencing data was processed using two bioinformatic pipelines.
Performance was assessed on microbiota composition, richness and diversity.

Positive controls: Classification, richness, diversity and relative species abundance
Primer choice in combination with bioinformatic pipeline choice may limit correct
classification of all bacterial species in mock communities

Performance of the three extraction methods in combination with two bioinformatic
pipelines, NG-Tax and QIIME 2, was evaluated on correctly identifying richness,
diversity and relative abundances from bacterial mock communities and a DNA standard.
Richness and diversity were computed at the OTU level and at genus level. Analysis of
compositional profiles was performed at genus level. Both pipelines failed to classify
one organism from either mock community; NG-Tax did not detect Cutibacterium from
the ATCC mock, while QIIME 2 did not detect Salmonella from the Zymo mock. The
inability to detect Cutibacterium is most likely a combination of different internal settings
and filtering steps in the computational pipelines and a primer choice issue, since the
universal 515F and 806R primers are known to poorly amplify Cutibacterium acnes1?.
Poor amplification of C. acnes results in limited read numbers, which may be filtered
out during bioinformatic processing. These issues could likely be solved by choosing
primers targeting different 16S rRNA gene regions, or by using adapted V4 region
primers which do allow for accurate amplification of Cutibacterium > ', Regarding
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QIIME 2 and the inability to detect Salmonella, there was an Enterobacteriaceae
family with approximately expected relative abundance for Salmonella, and we were
therefore confident this represented Salmonella. This Enterobacteriaceae family was
subsequently included as Salmonella, and designated Enterobacteriaceae (Salmonella).
This classification error likely resulted from the fact that Enterobacteriaceae members
cannot always be discriminated based on the 16S rRNA V4 region 9.

DNA standard and Zymo mock community data can be recovered independent of
extraction protocol or pipeline

The Zymo mock and DNA standard consist of respectively cell material or DNA of eight
bacterial species and two fungal species. As the 16S rRNA gene was targeted, fungi
should not be detected. Therefore, theoretical richness is eight and theoretical Shannon
diversity was calculated to be 2.01.

Regarding the DNA standard, NG-Tax overestimated OTU-based richness for both
duplicates, DNA 1 and DNA 2 (Fig 2A, table S3). Richness was however accurately
retrieved at genus level (Fig 2C). The same was observed regarding diversity, which was
overestimated at the OTU level (Fig 2B), but accurate at genus level (Fig 2D). QIIME
2 approached theoretical richness and diversity values at the OTU level (Fig 2A+B,
table S3). Richness slightly improved at genus level (Fig 2C), while diversity did not
differ from OTU-based diversity (Fig 2D). Thus, QIIME 2 better estimated richness
and diversity at the OTU level, while NG-Tax performed better at genus level (Table
S3). This likely stems from NG-Tax finding an inflated richness due to assignment of
multiple OTUs from a single organism (e.g. multiple Enterococcus OTUs). When OTUs
are collapsed at genus level, this is no longer a problem, probably explaining why NG-
Tax can perform better at genus level, while performing worse at the OTU level.

Compositional profiles of DNA | and DNA 2 are highly similar to theoretical abundance
(Fig 3A+B). To quantify differences in compositional profiles, Bray-Curtis dissimilarity
and Kullback-Leibler divergence (Fig 3C-F) !> and fold errors for each taxon (Fig 4)
were determined. For the dissimilarity and divergence values, a value of zero represents
an identical microbiota composition to the theoretical expectation. NG-Tax obtained
values closer to zero than QIIME 2 for both DNA 1 and DNA 2, although the difference
is minimal (Fig 3 and Table S2) and the performance of both pipelines can therefore be
regarded as equal. A similar conclusion can be drawn from the fold errors (Fig 4), since
both pipelines accurately retrieved expected relative abundance, with all genera having
a fold error between -1.5 and 1.5 (Table S3).
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Figure 2: Richness (observed OTUs) and diversity (Shannon) computed for Zymo DNA and
Zymo mock at OTU level (A+B) and at genus level (C+D) for each combination of bioinformatic
pipeline and DNA extraction method. Dashed lines indicate theoretical values.

Similar analyses were performed for the Zymo mock to evaluate performance of
DNA extraction methods in combination with the bioinformatic pipelines. All DNA
extraction methods, independent of pipeline, resulted in OTU-based richness above 20
for most samples, far higher than theoretical expectance (Fig 2A). This is especially
noteworthy for QIIME 2, as it was highly accurate in retrieving correct richness for the
DNA standard, in contrast to NG-Tax. Zymo and Q protocols in combination with NG-
Tax retrieved accurate genus level-based richness, while a slightly inflated richness was
observed for Magna (Fig 2C). No extraction method was consistent in retrieving correct
genus level-based richness in combination with QIIME 2. Regarding diversity, all DNA
extractions, independent of pipeline, retrieved highly accurate values at genus level
(Table S3). At the OTU level, however, the NG-Tax pipeline resulted in overestimation
of diversity independent of DNA extraction method, and can therefore be considered
a result of bioinformatic processing. Magna extraction resulted in Bray-Curtis and
Kullback-Leibler values closer to zero than Zymo and Q, independent of pipeline (Fig
3C-F and Table S3). A similar conclusion can be drawn from the fold errors, which are
lowest for Magna and pipeline-independent (Fig 4 and Table S3).
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Figure 3: Compositional profiles at the genus level for QIIME 2 (A) and NG-Tax (B) for Zymo
mock, theoretical composition is indicated in the first bar graph. Comparison of compositional
profiles expressed by Kullback-Leibler divergence (C+D) and Bray-Curtis dissimilarity (E+F) per
pipeline. QIIME 2 results are shown in figure C+E, NG-Tax results are shown in figure D+F. For
both Kullback-Leibler and Bray-Curtis measures, 0 indicates an identical compositional profile,
while higher numbers indicate more dissimilar profiles.
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Figure 4: Fold error per bacterium as compared to theoretical values for QIIME 2 (A) and NG-
Tax (B). Genera are ordered based on being Gram-positive or Gram-negative. A value above 1
represents overestimation, and a value below -1 represents underestimation.

Taken together, results obtained from the DNA standard indicate that QIIME 2 and NG-
Tax perform equally well in general, except for overestimation of the OTU level richness
and diversity when using NG-Tax. Results obtained from the Zymo mock, which is a
better representation of the full procedure for a microbiota study, indicate that richness
is most accurate at the genus level using Zymo or Q in combination with the NG-Tax
pipeline. In addition, bacterial microbiota composition profiles are best retrieved using
Magna, followed by Zymo, and are pipeline-independent.

In concordance with current literature ® and independent of extraction method, a
general underestimation of Gram-positive bacteria was observed, with Enterococcus
being the sole exception (Fig 4). This is most likely due to incomplete cell wall lysis of
Gram-positive bacteria. Based on the DNA standard and the Zymo mock, we conclude
that Zymo and Magna in combination with either pipeline are the best performing
combinations (Table S3). However, when high-throughput DNA extraction is required
(e.g. for large cohort studies), Magna may be preferred from a practical point of view,
although it overestimates richness independent of pipeline.
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In general, overestimation of OTUs may stem from the 100% identity setting for
clustering, combined with the natural divergence of the 16S rRNA gene %D, There
is no current consensus on OTU identity setting, and cut-offs between 97% and 100%
are most commonly used '®. An advantage of the 100% cut-off is that unique taxa
differing a single nucleotide are clustered into different OTUs. A disadvantage is that,
as intragenomic diversity in the 16S rRNA gene is common within bacterial genomes, a
100% cut-off can lead to multiple OTUs stemming from a single bacterium and thereby
inflate richness . In addition, using a 100% cut-off can theoretically inflate richness
due to sequencing errors and requires computational denoising. Apart from biological
explanations, the different algorithms and internal filtering steps used in QIIME 2 and
NG-Tax can affect the outcome for richness.

ATCC mock is recovered incorrectly, independent of extraction protocol or pipeline
The ATCC mock consists of 20 unique bacterial species, with four of them belonging to
two genera (Staphylococcus and Streptococcus). Therefore, theoretical richness at OTU
level would be 20, but eighteen at the genus level. In addition, these 20 unique bacterial
species come from different environments, including gut, oral and skin microbiota.

No values close to the theoretical profiles for the ATCC mock for any extraction method/
bioinformatic pipeline were observed, and one sample from Q consisted almost entirely
of non-classifiable reads (Fig 5), indicating sample-related issues. Bacillus was highly
overrepresented in all other samples, with a relative abundance over 30% in Zymo and
Magna extracted samples, while 6.13% is expected. Curiously, after the first mechanical
lysis step in Q, we could culture Bacillus cereus and Cutibacterium acnes (identification
scores of 1.90 and 2.00, respectively), and Bacillus cereus (identification score 2.05)
after mechanical lysis in Zymo. This is clinically important, as it means that infectious
materials cannot be considered safe or non-infectious after mechanical lysis. As culturing
of B. cereus indicates that cell wall lysis was incomplete, it would be expected that
its relative abundance was underestimated, contrarily to what was observed. Another
research group recently reported a similar overrepresentation of Bacillus in the ATCC
community 1. ATCC itself was also unable to retrieve abundances close to theoretical
expectation, neither with 16S rRNA gene amplicon sequencing nor with shotgun
sequencing ?”, Several reasons could explain this discrepancy between theoretical
profiles and obtained profiles. For example, physical cell-to-cell interactions or presence
of different metabolites may interfere with DNA extraction !¢ 2V, Therefore, based on
this synthetic community, no conclusions on the optimal extraction-pipeline combination
could be made. This proposed positive control prompts the question whether mock
communities are always reliable for assessing performance of DNA extraction methods.
As can be observed from the Zymo mock, DNA extraction kits do not necessarily inflict
observed deviations, but may rather be a result of mock community-specific properties.
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Outcomes may depend on extraction kit / community type combination, indicating the
potential necessity to use a positive control that strongly resembles the investigated

microbiome.
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Figure 5: Compositional profiles at the genus level for QIIME 2 (A) and NG-Tax (B) for the
ATCC mock. Genus ‘Other’ is the sum of the relative abundance of all genera not listed in the

legend.

Negative controls: inconsistently contaminated

Negative controls were taken along for each extraction method to check for kit-specific

contaminants, which is especially relevant for deciding whether low-biomass samples

contain real microbiota. Regarding Zymo, clear kit-contaminants were Pseudomonas
and Delftia (Fig S2A+C), consistent across the different pipelines at the genus level,
and with previous findings 1?2, For Magna and Q, specific contaminants were less

obvious, although Pseudomonas was present. Generally, negative controls mostly

consisted of genera commonly found in gut and oral microbiota, most of them also

previously described as contaminants V. In addition, negative sequencing controls
were taken along, and here no consistent contaminants could be observed (Fig S2B+D).

Potential contamination sources are multifold, such as kit contamination, index hopping,

or well-to-well contamination ®* 2%, Index-hopping is however not a likely source of
contamination, as the negative control for Magna was sequenced in different lanes,
and profiles look highly similar (Fig S2A+C). Additionally, we did not observe index-

hopping in our positive controls.

One of the contaminants we identified has not been previously described as a contaminant,
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namely Clostridioides. This likely represents C. difficile, and contamination by this
bacterium can be explained by the fact that DNA extractions were performed in our
National Reference Laboratory for C. difficile, which probably contains minor amounts
of C. difficile spores during most time points. C. difficile contamination on laboratory
surfaces has also recently been described in another clinical microbiology laboratory @,

By incorporating this information with the Zymo positive controls, it can be concluded
that Zymo and Magna are most optimal. Magna most accurately captured the expected
community profile, while kit-specific contaminants are clear and easy to discriminate
from biological signal using Zymo (Table S2).When investigating different biological
sample types it would be ideal to use a kit for which kit contaminants do not overlap
with the biological signal, e.g. Pseudomonas contamination when studying sputum
samples from cystic fibrosis patients who are frequently colonized with Pseudomonas
spp. However, this would require contaminants to be stable across batches, which has
been shown to not be the case 2.

Automatic Magna extraction yields lowest DNA for biological samples
Twenty-seven biological samples were available per extraction protocol (Table S1) and
Q was most successful in passing QC (22/27), followed by Zymo (20/27) and Magna
(17/27) (Table S3), although differences were not statistically significant (Cochran’s
Q-test, p=0.178). QC passing was based on DNA concentration and intact genomic
fragments. DNA concentrations were on average lowest for Magna, while yields were
comparable between Q and Zymo (Figure S1). Processing of raw sequencing data from
biological samples was performed using the NG-Tax pipeline at the genus level.

Fecal microbiota analysis is only slightly affected by the applied DNA extraction
methods

DNA extracted from fecal samples using the three different protocols all passed QC.
Magna, Zymo and Q achieved an average concentration of approximately 29 ng/ul, 111
ng/ul and 212 ng/ul, respectively (Fig. S1). While DNA yield varied between extraction
methods, all were sufficient for sequencing. Microbiota profiles were comparable
between extraction methods for each sample (Figure S3A). In addition, differences in
compositional profiles were quantified using Kullback-Leibler divergence (Figure 6A).
This heatmap shows that technical variation induced by DNA extraction method is much
lower than biological variation between feces samples. Profiles of the feces donors
contained many bacterial genera commonly present in fecal microbiomes %27, Healthy
fecal microbiomes largely consist of Bacteroidetes and Firmicutes phyla (~90%), while
Actinobacteria and Proteobacteria are present in smaller proportions. At the genus level,
Bacteroides, Prevotella and Faecalibacterium are among the most prevalent genera ®,
all of which were found in high abundance herein.
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Figure 6: Kullback-Leibler divergence heatmap of feces (A) and oral swabs (B). Black lines group
unique biological samples. Gray indicates highly similar composition, while yellow indicates
divergence in composition. F1-F2-F3 represent samples which have been sequenced in duplicate,
but on different flow cells.

Microbiota profiles of oral swabs are consistent, despite low DNA yields

Out of eighteen DNA extractions, fifteen extractions passed QC for oral swabs. Only
for Zymo, all extractions passed QC. DNA yields were highly variable for all extraction
methods, ranging from 0.12 to 6.34 ng/ul. Half of the extractions (nine/eighteen)
yielded a concentration below one ng/ul. All compositional profiles were dominated
by Streptococcus, Prevotella spp., Haemophilus and Veillonella, which was individual-
independent. In addition, technical variation induced by DNA extraction and subsequent
steps was lower than biological variation (Fig 6B). The oral microbiota, like the gut
microbiota,is highly diverse. Nevertheless,acertain core of genera (e.g. Streptococcus spp.
and Prevotella spp.) is present in most people, all of which were found in our study 252,
Together, the good QC passing rate, DNA concentrations and consistency of
compositional profiles between extraction methods lead us to conclude that all three
methods work well for oral swabs.
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Applied methodology yields inconsistent results for the urine microbiota

During the last decade, microbiota studies showed that urine contains a bacterial
microbiota®®3Y. Despite using 30-40 ml of urine and centrifugation prior to extraction®?,
we were not able to convincingly capture a urinary microbiota for all samples (Fig S3C).
DNA concentrations were high for an infected sample (between thirteen and 42 ng/ul),
but concentrations for the other samples were between 0.11 and 0.99 ng/ul. Six out of
nine samples passed QC. For the infected sample with a high bacterial load, we were
able to classify the cause of infection to Enterobacteriaceae, which is in agreement with
the fact that most UTIs are caused by members of Enterobacteriaceae. One urine sample
showed high similarity to negative controls for respective kits, with non-classifiable
reads for Q and Magna, and high relative abundance of Pseudomonas for Zymo (Fig
S3C). Another urine sample contained a high Lactobacillus relative abundance, which
has previously been shown to be prevalent in urine samples ®V. Lactobacillus spp. could
be cultured in 15% of urine samples collected by a transurethral catheter and was thereby
the most prevalent genus cultured V. Another small-scale study found that in five out
of six patients, Lactobacillus was detected in midstream urine samples and its relative
abundance was between 22 and 80% ©?. In addition, presence of Atopobium, Gardnerella,
Prevotella and Anaerococcus point towards an existing urinary microbiota ©9.
However, Pseudomonas, a common Zymo kit contaminant, was still found in this urine
sample, and for Magna more than 25% of reads could not be classified (Fig S3C). This
could indicate that the biological signal is not much stronger than contamination, and
therefore a mixed profile is observed. Further efforts and method optimization should be
undertaken, although this can be difficult to implement in routine work . In addition,
culturing could be used as a follow-up method to confirm that contaminants are not
viable bacteria, but rather bacterial DNA.

Saliva samples with long storage time and multiple freezing-thawing cycles seem
unsuitable for microbiota research

DNA yield from included saliva samples was lower as compared to literature %39 (Fig
S1). Only a single DNA extraction had a concentration of slightly above one ng/ul
(1.18; Table S4), while all other extractions had concentrations between 0.04 and 0.68
ng/ul. This is most likely associated with storage duration (~fifteen years) and the fact
that samples were thawed and refrozen several times. This also explains why only three
out of nine DNA extractions passed QC. The included saliva samples were chosen as
investigators within our facility were interested to see if microbiota studies could be
performed using these samples. Compositional profiles consisted of a mixture of genera
present in the normal oral microbiota (Oribacterium, Prevotella 7, Prevotella 9 and
Streptococcus) @, genera present in our negative controls (Pseudomonas, Delftia) and
non-classifiable reads (Fig S3D). In combination with low DNA yields, it is likely that
a mixture between biological signal and contamination signal is present. Therefore,
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we consider the applied extraction methods unsuitable for saliva samples with a long
duration of storage time and multiple freezing-thawing cycles.

The colorectal cancer microbiota present in biopsies was indistinguishable from
negative controls or fecal microbiota

As colorectal cancer development has been associated with specific gut bacteria, we
were interested to see if colorectal cancer tissue itself also contained bacteria®”-3®. DNA
concentrations were sufficient for all samples to pass QC, but extracted DNA was likely
mostly human-derived. Two of three extraction methods were not successful, as samples
extracted using Zymo and Magna showed high similarity to their respective negative
controls (Fig S3E). Using Q, Bacteroides, Fusobacterium and Gemella were identified,
all being previously associated with colorectal cancer development ¢7-3%. Several gut
commensals, including Faecalibacterium and Escherichia-Shigella were present in
both the negative controls and these colorectal cancer samples. It is therefore difficult
to discriminate whether these are contaminant bacteria, or whether they represent
biological signal.

We hypothesized that by spinning down the material, the supernatant would contain
more bacteria than the cancer tissue. DNA concentrations of supernatant were between
0.16 and 2.32 ng/ul, and seven out of nine DNA extractions passed QC (Table S4). For
one sample, it was clear that across all methods many genera were observed which were
present in negative controls (e.g. Pseudomonas), or reads could not be classified at all
(Fig S3F). A second sample seemed to contain a real microbiota. Profiles were consistent
across extraction methods, did not contain many contaminants and had specific bacteria
previously linked to colorectal cancer (e.g. Fusobacterium)©?. The third sample showed
a profile reflecting a mix between biological signal and technical contamination. Profiles
were consistent across methods and contained genera representative of a gut microbiota,
but also contained non-classifiable reads and contamination. Therefore, profiles are likely
a mixture of biological signal and technical contamination, and further optimization is
necessary prior to using this sample type for experimental studies. We have the same
recommendation for colorectal cancer sample types as for urine, as discussed above.

It remains unclear whether HPV-negative vulvar squamous cell carcinoma biopsies
contain a bacterial microbiota

Vulvar squamous cell carcinoma (VSCC) has different etiological pathways, of which
one is associated with human papilloma virus (HPV). The counterpart is non-virally
related and is frequently associated to lichen sclerosis, a benign chronic inflammatory
lesion and TP53 mutations “%4), We extracted DNA from HPV-negative VSCC tissue as
a pilot study to determine if investigating the relationship between bacterial microbiota
and HPV-negative VSCC would be potentially feasible. DNA concentrations were high
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(Fig S1), only for three extractions below one ng/ul, and eight out of nine extractions
passed QC. However, DNA was probably again largely human-derived. This was reflected
in the obtained microbiota profiles, as most reads were not classified or the profiles
showed high similarity to negative controls (e.g. high abundance of Pseudomonas) (Fig
S3G). Therefore, it is unlikely that this cancer tissue contains bacteria, or bacteria are
so lowly abundant that they are overshadowed by contamination load. In general, the
vulvar microbiota has not been extensively studied. A recent study on vulvar microbiota
observed that Lactobacillus, Corynebacterium, Finegoldia, Staphylococcus and
Anaerococcus are most abundant on this body site, but the use of negative controls
was not reported “?. These genera are also part of the vaginal microbiota, and might be
sampling contamination or reflect high similarity between vulvar and vaginal microbiota.
A large amount of formalin-fixed VSCC materials are stored in a biobank at our facility.
To investigate whether this sample collection could be used for microbiota profiling,
DNA was extracted from three formalin-fixed VSCC samples. DNA concentrations
were all below 0.3 ng/ul, and only two out of nine extractions passed QC (Table S4).
One sample extracted with Q was excluded from further analysis, as no reads were
present after sequencing. Extraction and sequencing of formalin-fixed material poses
additional problems, as DNA molecules could be highly fragmented and too short
for amplicon sequencing of the V4 region “. For Zymo, samples resembled negative
controls, with Delftia and Pseudomonas being highly abundant (Fig S3H). The same
samples had completely different microbiota profiles when using protocol Q or Magna.
Both extraction methods showed genera commonly found in the lower urogenital
tract, including Streptococcus, Prevotella and Gordonia ®-?". However, many of these
genera were also detected in negative controls. In combination with low DNA yield and
inconsistent profiles across extraction methods, we conclude that no reliable bacterial
microbiota profile could be identified in these samples. For both VSCC types, we suggest
the same way forward as for urine samples.

Sample groups with and without biological signal cluster apart

Lastly, we performed t-distributed stochastic neighbor embedding (t-SNE) clustering
using Bray-Curtis measures on all samples used in the present study (Fig 7) “¥. Based
on microbiota composition as measured by Bray-Curtis, t-SNE projects points in a two-
dimensional space, while maintaining local structures present in high-dimensional space.
Clear clusters could be identified for Zymo positive controls, feces, oral swabs and ATCC
mock (all but one sample) (Fig 7). Other biological samples and negative controls were
more dispersed throughout the plot, indicating that either more biological or technical
variation was present. This is in agreement with our detailed analysis, showing that
their microbiota cannot necessarily be distinguished from the negative controls. This
highlights the importance of including negative controls in microbiota studies, which has
previously been shown in two studies aiming to unravel the placental microbiota 49,
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and is increasingly recognized in the field. It is currently unclear whether a placental
microbiota exists, but when comparing placental samples of healthy deliveries to
included negative controls, microbiota compositions could not be distinguished “3- 49,
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Figure 7: Bray-Curtis distance measures visualized by t-distributed stochastic neighbour
embedding (t-SNE) for all samples. Each dot in the plot represents a single sample, and short
distances between samples indicate high similarity.

Strengths and limitations

The current study had several strengths and limitations. By using a positive control of
cell material with a corresponding DNA standard, we differentiated variation induced
from sequencing procedures and DNA extraction. We demonstrate the importance of
using positive and negative controls in microbiota studies, and show that negative
controls are crucial for interpretation of low-biomass samples. Another strength of the
study was that for several higher biomass biological samples (feces and oral swabs),
we showed that technical variation was much smaller than biological variation. A
shortcoming of the study is that we did not perform any other quantification next to 16S
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rRNA gene sequencing (e.g. qPCR), which may be particularly useful for quality control
of the ATCC mock. Furthermore, the current study used only three unique samples of
most biological sample types. Especially for samples for which DNA extraction was
challenging (urine samples, colorectal cancer supernatant), a higher number of unique
samples would have allowed for a more thorough evaluation.

Conclusion

The current study evaluated three DNA extraction methods and two bioinformatic
pipelines for bacterial microbiota profiling using several positive and negative controls,
and a range of biological specimens. All three extraction methods quite accurately
retrieved theoretical abundance of the Zymo mock, but not of the ATCC mock. For DNA
extraction, we recommend using the Zymo and Magna protocol, since they showed
good overall performance for all samples. Sequencing procedure only induced minor
variation, as shown using a DNA standard. We furthermore showed that the NG-Tax
and QIIME 2 pipelines perform equally well overall, each having their specific flaws.
By including negative controls and comparing these with low-biomass samples, we
evaluated whether low-biomass samples consisted of technical noise, biological signal
or a mixture. In most cases, identification of a unique microbiota was not achieved,
highlighting the importance of negative controls and sufficiently sensitive methods. The
results from this study can help other microbiome study groups to select an appropriate
DNA extraction method and bioinformatic pipeline. Lastly, we hope this study
contributes to further awareness of the usage of controls, especially when studying low-
biomass samples.

Materials and Methods

Sample collection and pre-processing

Eight different biological specimens were included in this study, namely feces, urine,
saliva, oral swabs, colorectal cancer tissue, colorectal cancer supernatant, vulvar
squamous cell carcinoma tissue and formalin-fixed vulvar squamous cell carcinoma.
Of each biological specimen, three unique samples were included. Only for oral swabs,
six unique samples were included (Table S1). These samples were anonymized and
treated according to the medical ethical guidelines described in the Code of Conduct
for Proper Secondary Use of Human Tissue of the Dutch Federation of Biomedical
Scientific Societies. A detailed overview of sample types, sample processing and storage
conditions can be found in Table S1.
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Mock communities and DNA standard

Two mock communities (ZymoBiomics Microbial Community Standard, Zymo
Research, Irvine, California, USA and 20 Strain Even Mix Whole Cell Material
ATCC® MSA2002™, ATCC, Wesel, Germany) were included as positive controls for
DNA extraction. Exact composition and relative abundances of 16S rRNA gene copies
was provided on the product sheet for ZymoBiomics Microbial Community standard
(hereafter referred to as Zymo mock), while for ATCC® MSA2002™ (hereafter referred
to as ATCC mock) we calculated expected 16S rRNA gene profiles based on genomic
information (Table S2). ZymoBiomics Microbial Community DNA Standard (hereafter
referred to as DNA standard) was taken along as a positive sequencing control.

DNA extraction

Procedures

Cancer samples were pre-processed for DNA extraction comparably to a recent study
on pancreatic cancer microbiota “7, urine samples according to a recent publication on
how to study urinary microbiota ®» and other samples according to in-house methods
for sample processing (Table S1). For solid cancer samples, the beating steps during
pre-processing were performed using a Qiagen TissueLyser LT (Qiagen Benelux, Venlo,
the Netherlands) at 50Hz for one minute (Table S1). As single saliva samples did not
contain sufficient volume for multiple extractions, several samples of the same individual
were pooled to obtain the appropriate volume. DNA was extracted in duplicate from
three unique samples for each biological material, only for oral swabs from six unique
samples, and from the two mock communities. DNA was extracted using three different
extraction protocols (see Protocols section), and for each protocol a negative extraction
(no sample) was included in duplicate. The DNA standard was taken along in duplicate.
DNA was quantified using a Qubit 3.0 Fluorometer (Invitrogen, Breda, the Netherlands)
and the Qubit™ dsDNA HS Assay Kit (Thermo Fisher, Landsmeer, the Netherlands). A
schematic overview of the study setup is shown in Figure 1.

DNA extraction protocols

Detailed protocols, including all minor adaptations, are present in Supplementary
Methods. DNA extraction was performed using three methods: 1) the Quick-DNA
Fecal/Soil Microbe kit (hereafter referred to as Zymo) (Zymo Research) according to
manufacturer instructions with minor adaptations, 2) protocol Q (hereafter referred to as
Q)@ and 3) automated DNA extraction with MagNA Pure 96 ™ (hereafter referred to as
Magna) (Roche Diagnostics, Almere, the Netherlands) using the MagNA Pure 96 DNA
and viral NA small volume kit (Roche Diagnostics), according to standard operating
procedures with minor adaptations. Mock communities were diluted to 10%-10° cells
per sample for extraction using Magna. For Q, several buffers and other materials were
not provided in the kit and therefore purchased elsewhere, namely BeadBug™ prefilled
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tubes with 2.0 mL capacity and 0.1 mm Zirconium beads (Sigma-Aldrich, Zwijndrecht,
the Netherlands), RNase A, DNase and protease-free water (10 mg/mL) (Thermo Fisher,
the Netherlands) and TE buffer (Thermo Fisher).

MALDI-TOF Mass Spectrometry (Biotyper)

To verify whether all bacteria of the ATCC mock were lysed after the first mechanical
lysis step of both Zymo and Q, the lysate was plated on a tryptic soy agar plate containing
5% sheep (VWR International, Amsterdam, the Netherlands), and aerobically and
anaerobically incubated at 37°C for five days. The MALDI Biotyper system was used
(Bruker Daltonics, Germany) to identify the bacterial species. Samples were prepared in
the following way: A bacterial colony was taken from the culturing plate and spread in
duplicate on single spots on a Bruker polished steel targetplate. Subsequently, one pl of
70% formic acid was added on each single spot and when dried, one pl prepared Bruker
Matrix HCCA according to clinical laboratory protocols was added per spot. The Bruker
polished steel targetplate was then used for MALDI-TOF MS Biotyper analysis.

Library preparation and 16S rRNA gene amplicon sequencing

Of each duplicate DNA extraction from biological specimens, the duplicate with
highest genomic DNA concentration was used for sequencing. Duplicate samples from
controls were both sequenced. Quality control, library preparation and sequencing were
performed by GenomeScan B.V. (Leiden, The Netherlands) using the NEXTflex™ 16S
V4 Amplicon-Seq Kit (BiooScientific, TX, USA) and Illumina NextSeq 500 (paired-
end, 150bp) according to their standard operating procedures. QC passing was based on
intact genomic DNA and DNA concentrations measured by GenomeScan B.V. Therefore,
those DNA concentrations were used for downstream analysis. Several samples were
sequenced on multiple lanes, which is indicated in all relevant figures and tables.

Sequencing data analysis

Read filtering, operational taxonomic unit (OTU)-picking and taxonomic assignment
were performed using two different bioinformatic pipelines, QIIME 2 and NG-Tax
0.4 4849 both using the Silva 132 SSU Ref database for taxonomic classification ©?.
For both pipelines, a read length of 120 bp was chosen based on quality of reads.
The following settings were applied for QIIME 2: forward and reverse read length of
120 bp, quality control using Deblur, identity level of 100% (default). The following
settings were applied for NG-Tax: forward and reverse read length of 120 bp, ratio OTU
abundance of 2.0 (default), classify ratio of 0.9 (default), minimum threshold of 0.1%
(default), identity level of 100% (default), error correction of 98.5 (default). Prior to
the NG-Tax run, potential left over primers were removed with cutadapt v. 1.9.1¢Y, in
paired-end mode, with additional setting -e 0.2 (increased error tolerance, 20%). This
setting was required since NG-Tax first creates a smaller custom database, based on the
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used primers. During further processing, data has to be primer sequence free, as the
primer sequence is removed from the smaller database. Furthermore, all sequences with
any deviating barcode in the fastq header were changed to the original barcode to allow
inclusion into the NG-Tax pipeline.

The obtained OTU-tables were filtered for OTUs with a number of sequences less than
0.005% of the total number of sequences . Downstream analysis was performed in
R (v3.6.1), mainly using the phyloseq (v.1.28.0), microbiome (v.1.6.0) and ggplot2
(v.3.2.0) packages %339, Alpha diversity was computed at both the OTU and genus levels,
while analysis of compositional profiles was performed at the genus level. Kullback-
Leibler divergence and Bray-Curtis dissimilarity measure heatmaps were computed by
first deleting genera that had a relative abundance of zero in all investigated samples
(positive controls, feces and oral swabs) and subsequent calculation of the respective
measure. All R code is available upon request from the corresponding author.

Notes
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All raw sequencing data used in the current study are deposited in the European
Nucleotide Archive with accession number PRJEB34118.
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CHAPTER 5

Abstract

Carbohydrate-active enzymes (CAZymes) are essential for the synthesis and breakdown
of (complex) glycans and glycoconjugates. They are present in all living species,
but are especially diverse in bacteria. In the gut microbiome, CAZymes are crucial
for metabolizing complex carbohydrates of dietary and host origin, such as fiber and
mucins, respectively. Currently, dbCAN2 is the most widely used computational
tool for annotation of CAZymes in genomic data, but it cannot be directly applied to
metagenomic data. dbCAN2 can identify protein sequences that are similar to those
present in the CAZy database (the most comprehensive data and knowledge base on
CAZymes) using Hidden Markov models (HMMs) specifically built for each CAZyme
(sub-)family. However, detection accuracy (E-values cutoffs) has not been calibrated
for these HMMs. A second challenge for wide application of this tool for metagenome
analysis is the lack of systematic substrate annotations for CAZyme families, which are
currently primarily grouped based on amino acid sequence similarity. A hierarchical
annotation of CAZyme substrates would however be needed for functional interpretation
of CAZyme profiles. To close this gap, the main aim of this study was to build the
first tool for computing CAZyme profiles from shotgun metagenomic data, which can
be interpreted in terms of substrate specificities. This entailed optimization of HMM
E-values for precise detection of CAZymes and construction of a novel hierarchical
substrate scheme to facilitate functional interpretation. Application of this tool
using data from eight different colorectal cancer (CRC) cohorts revealed that CRC
metagenomes were enriched in microbial CAZymes involved in glycosaminoglycan
metabolism (p-value 7.44e¢”-04) and in peptidoglycan metabolism (3.52¢"-02), and
depleted in CAZymes involved in dietary fiber metabolism (p-value 3.68e"-04) as
compared to control metagenomes, suggesting that known dietary risk factors, such as
increased meat consumption/decreased fiber consumption in CRC, are reflected in the
gut microbial CAZy repertoire.
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Introduction

Carbohydrate-active enzymes (CAZymes) are adiverse group of enzymes which can build
up and break down glycans and glycoconjugates, consisting of e.g. glycosyltransferases
and glycosyl hydrolases. They are present in all domains of life, but an exceptionally
diverse set is encoded in microbial genomes, thereby contributing to the extraordinary
metabolic versatility of microorganisms'. Microbes present in the human gut possess a
variety of CAZymes which, amongst others, aid in metabolizing (complex) carbohydrates
consumed from the diet, one of the key functions of the gut microbiome?. As the human
genome encodes for only 17 enzymes with limited capacity (involved in breakdown
of sucrose, lactose and starch) for carbohydrate degradation!, microbial CAZymes are
imperative for metabolizing diet-derived complex carbohydrates.

Fermentation of these complex carbohydrates leads to production of metabolites
including short-chain fatty acids (SCFAs), of which butyrate, propionate and acetate
form 90-95% of the total SCFA pool in the human gut®. The contributions of SCFAs
to maintaining host health are difficult to overstate, but amongst the most important
functions are butyrate being the main energy source for enterocytes*, regulating gut
barrier integrity® and being ligands for a variety of receptors present on enteroendocrine
and immune cells’.

Apart from metabolizing complex carbohydrates that are stemming from the diet,
CAZymes can also metabolize host glycans such as the mucus layer, with negative
consequences in certain conditions. For example, upon exposing fiber-deprived mice to
the pathogen Citrobacter rodentium, mice suffered from a far higher mortality than mice
who were provided a normal diet. This was likely due to the microbiome starting to use
host-derived glycans (mucus layer) as the main energy source due to the lack of fiber.
This led to mucus layer erosion and thereby to closer proximity of C. rodentium to the
gut epithelium in these fiber-deprived mice, which likely facilitated infection®.

In the CAZy database, CAZyme families have been constructed and they are defined
based on amino acid sequence similarity. For each family, at least one founding member
is required to have been biochemically characterized’. These CAZyme families are
rigorously curated and extensively evaluated before a new CAZyme family is accepted
into the database’. This is one of the reasons why the CAZy database is regarded as the
gold standard in the field. One drawback of the current classification scheme, based
on amino acid sequence similarity, is that glycan substrate annotation is in many cases
problematic. A CAZyme family can contain enzymes with similar amino acid sequences,
while they can metabolize a variety of substrates®. This drawback can, however, not
only be ascribed to the current classification scheme. For multiple CAZyme families
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no substrate is known and to this day it remains unknown what determines substrate
specificity. Nevertheless, the lack of a higher, systematic substrate system for CAZyme
families for which substrates are known currently limits functional interpretability with
regard to high-level substrate usage.

A main goal of researchers interested in CAZymes is to discover which CAZymes
are encoded in their (meta)genomic data and whether CAZyme abundances differ
meaningfully between groups of samples. One of the most popular tools to annotate
CAZymes in genomic data is the dbCAN2 tool, which uses CAZyme (sub)family-
specific Hidden Markov models (HMMs) to annotate gene sequences’. While this tool
has proven valuable and remains widely used, optimization of E-value cutoffs (which
aims to minimize conflicts between functional homology and sequence similarity) was
performed on only six genomes’. This leaves considerable room for optimizing the
detection accuracy of CAZyme annotation. In addition, dbCAN2 is an open-reading
frame (ORF) annotation framework and not a profiler, which prevents estimating
taxonomic or functional abundance profiles from a shotgun metagenome. From the
ORF prediction it is not trivial to estimate (relative) abundances of CAZymes in a
given metagenome, especially given that, due to their multimodular nature, multiple
CAZyme families can occur within a single ORF. Lastly, to be able to annotate ORFs
with CAZymes, researchers would first have to laboriously reconstruct these (via
metagenome assembly, ORF prediction, and redundancy removal) from metagenomic
data, posing a substantial challenge to many (non-)bioinformaticians.

Here, we aimed to develop the first easy-to-use tool to profile CAZymes from short-read
metagenomic data and to optimize E-values for more accurate detection of CAZymes
using HMMs. In addition, we suggest a novel substrate annotation scheme allowing for
improved interpretation of the resulting CAZyme profiles in terms of broader substrate
groups these act on. Lastly, we applied our tool on eight different colorectal cancer
(CRC) cohorts to uncover novel associations between specific CAZymes, substrate
metabolism and CRC.

Materials and methods

Generation of CAZyme (sub)family module sequence set

In order to obtain family-wise CAZy modules, we first downloaded all CAZy sequences
(http://beb.unl.edu/dbCAN2/download/Databases/V9/ dbCAN HMMdb release 9.0 and
CAZyDB released on 07/30/2020). We then identified CAZy modules on these sequences
using the dbCAN HMMs (from the same dbCAN2 release) using an E-value threshold
of 1e-15 and a coverage threshold of 0.35 (default cut-offs on dbCAN server). We then
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generated (sub)family-wise multiple sequence alignments of module sequences using
mafft for the 29 largest families (containing most sequences) and mafft-linsi for the
remaining sequences on representative sequences obtained from mmseqs2 clustered at
99% (clustered using mmseqs2 (arguments easy-cluster, —min-seq-id 0.99, --cov-mode
0, -¢ 0.5)!% ", The clustering was done in order to avoid bias in building the HMMs due
to overrepresentation of very similar sequences. Default parameters were used unless
stated otherwise.

Optimization of HMM E-value cutoffs

To optimize HMM E-value cutoffs for each CAZy family we optimized HMM E-values
using 5-fold blocked cross validation as well as an external negative sequence set: For
each CAZy (sub)family and fold, we divided the module sequence set into two sets:
The first set of sequences was used to build the module HMM and the second set was
used as positive instances for evaluation, combined with the module sequences of all
remaining CAZy (sub)families as well as non-CAZy sequences obtained from UniProt
(see below) as negative instances. Division into training and test folds was done in a
blocked fashion, where sequences in one block are always together in either training
or test set. This was done to minimize information from the training set leaking into
the test set. To define blocking groups, module sequences within each family were
clustered at 60% sequence identity using mmseqs2 (arguments easy-cluster, —min-seq-
id 0.60, --cov-mode 0, -c 0.5)!'. Folds were designed in such a way that test sets never
overlap with each other (Figure 1). This setup was applied to 330 CAZyme families
with at least 150 sequences in the CAZy database. For the 207 families which had
less than 150 sequences, but more than 30 sequences, cross validation was performed
without blocking. Non-CAZy sequences were obtained from UniProt in the following
manner. First, all manually curated sequences (Swiss-Prot) with an annotation score of
five out of five (indicating experimental evidence at protein level) were downloaded
(n=54,978 sequences, March 5th 2021). We subsequently filtered out all sequences
with an annotated Enzyme Commission (EC) number present in CAZy, yielding 51,507
sequences. Since CBMs are non-catalytic (and thus have no EC number), we did not
add UniProt sequences as negative instances when we optimized E-values for CBMs.

Finally, we determined family- and fold-wise optimal E-values by iterating over E-value
thresholds (from 1e”0 to 1¢”-200) and choosing the E-value that maximizes the F1-
Score. The F1 score was calculated using the follow formula: 2*(recall*precision)
/ (recall + precision). Recall was calculated using the formula: TP / (TP + FN) and
precision using TP / (TP + FP). A schematic overview of the workflow for building
novel HMMs and optimization of their E-values can be found in Figure 1.
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CAZyme annotation of the Integrated Gene Catalog (IGC)

To annotate the approximately 9.9 million genes present in the IGC' with CAZy module
information, we ran the CV HMMs of all folds against the IGC and assigned module hits
by determining the overlap of all fold-HMMs hits.

Community profiling of datasets

We investigated eight different colorectal cancer cohorts. Raw metagenomic sequencing
data was processed using NGLess (v1.0.0) and accompanying tools'* 4. In short, raw
sequence data was pre-processed by quality-based trimming and reads with quality value
below 25 were discarded, followed by discarding reads shorter than 45 bp. Second, reads
were aligned to the human genome (hg19 reference) and discarded if reads mapped with
more than 90% sequence identity and an alignment length of at least 45 bp. Third, we
mapped filtered reads against the Integrated Gene Catalog (IGC) using BWA-MEM and
obtained BAM files were sorted using samtools sort'> ' 15, Fourth, bedtools intersect
(-bed -wo) was used to investigate overlap between the mapped reads and CAZy

modules'®. Lastly, we used isect quant (https://github.com/cschu/gff quantifier/blob/
master/gffquant/isect quant.py) to obtain CAZyme abundance profiles (which were

corrected for the length of the respective CAZyme). Here, we focused on colorectal
cancer (CRC) patients and controls (total n = 1225, CRC cases n = 632, controls n =
593) from eight different cohorts spanning seven countries and three continents'”%.

Meta-analysis of differentially abundant CAZymes in CRC

We started our meta-analysis by investigating which CAZymes were differentially
abundant between CRC and controls’ metagenomes through a blocked Wilcoxon-rank
sum test as available through the coin (v1.4-1) package, where study was the blocking
factor?*. Next, to investigate whether signatures were consistent across studies, univariate
nonparametric Wilcoxon tests and false discovery rate (FDR) correction were performed
as implemented by the STAMCAT package (v1.10.0), on a per-study basis?. Generalized
fold changes for both tests were calculated as implemented by the SIAMCAT package.
P-values were adjusted using FDR correction (Benjamini-Hochberg method)* and
adjusted p-values < 0.05 were considered significant.

Gene set enrichment analysis (GSEA)

Leveraging the extensive manual substrate annotations allowed us to perform GSEA
to investigate whether there is differential metabolism of specific substrates between
CRC patients and controls?’. GSEA was performed using the R package fgsea(v1.16.0)
and the fgseaMultilevel function with default parameters®. As input measure for fold
change, generalized fold changes as obtained from SIAMCAT were used.
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Results

Overview over the new CAZy profiler

We started building our profiler by annotating the IGC with our cross-validated HMMs
and optimized E-value cutoffs, obtaining CAZy module annotations and locations on
each ORF. Subsequently, we mapped quality-filtered and human-filtered reads from a
given metagenomic sample to the entire IGC. We then computed overlaps of the aligned
reads with the annotated CAZy modules using bedtools intersect's. We generated CAZy
profiles by averaging individual CAZy module coverages (number of reads aligning to
a module normalized by its length).

Overview of CAZy annotations on IGC

We started our analyses by obtaining a global overview of which CAZymes were
annotated using our method in the IGC, a comprehensive gene catalogue constructed
from metagenomes of the human gut microbiome'?. We detected a total of 457 unique
CAZymes in the IGC, which amounted to 225,946 unique ORFs (2.29% of IGC).
The largest number of (sub)families was annotated in the glycoside hydrolases (GHs)
category; 240 unique (sub)families, followed by 76 glycosyltransferases (GTs), 63
carbohydrate-binding modules (CBMs) 55 polysaccharide lyases (PLs), 14 carbohydrate
esterases (CEs) and 9 auxiliary activities (AA)s.

Constructing a novel glycan substrate annotation scheme

To construct a more informative scheme for glycan substrate annotation, we grouped
carbohydrate substrates into five biological categories which we systematically
annotated for each commonly encountered glycan in the human gut (Supplementary
Table 1). We hereby focused on CAZy categories GH, PL, CE and CBM for two main
reasons. First, there is relatively little information about the precise substrates of many
GT and AA families precluding their grouping into functional categories. Second, our
main interest was in digestion rather than synthesis of (complex) carbohydrates and GTs
are less involved in the former process.

Based on the CAZymes that we annotated in the IGC, a list of all potential substrates
was generated. Based on literature' ® 232, these substrates were further classified into
broad biological categories: reflecting their origin (e.g. bacterial, plant), function in their
original biological context (e.g. storage, structural) and function at destination/general
biological role (e.g. dietary fiber, glycosaminoglycan) (Supplementary Table 1). We then
annotated each CAZyme detected in the IGC with substrates and matched this to the
annotations per glycan (Supplementary Table 2). This way of grouping and annotating
CAZymes allows for a systematic investigation of substrate metabolism potential using
metagenomic data.
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Meta-analysis shows CAZymes to be differentially abundant between CRC patients
and controls

Shotgun metagenomic data from eight different CRC study populations recruited in
seven different countries (Austria, China, Germany, France, Italy, Japan and the US)
were re-analyzed.

The first aim of this meta-analysis was to investigate whether CRC-specific CAZyme
signatures could consistently be identified across the included studies. To this end, we
pooled data from all studies and performed a blocked Wilcoxon test to account for
study heterogeneity (as blocking factor). As a result, we identified 203 CAZymes to
be significantly differentially abundant between CRC patients and controls at an FDR-
adjusted p-value < 0.05 (data not shown). Next, we aimed to identify which CAZyme
signatures were consistent across the cohorts. Therefore, we explored the datasets by
investigating differential abundance of CAZymes separately in each study by employing
a Wilcoxon test and FDR correction. Significantly differentially abundant CAZymes
were noted in all cohorts except from the US cohort, which previously showed weak
associations between the microbiome and CRC, possibly related to the long-term sample
storage (Figure 2)* 2.

Among the consistently more abundant CAZymes in controls across different cohorts
were GH94, GH53, GH5_ 2, CE17, CBM48 and CBM2. Of these CAZymes, GH94,
GHS53, GHS 2 and CBM2 have the annotation of dietary fiber as function at destination,
while CE17 has no known substrate and CBM48 is involved in glycogen metabolism.
Collectively, this points towards increased dietary fiber metabolism in control
metagenomes. In CRC metagenomes, CE11, GT19, GH20, GT107, GH123, CBM40
and GH33 were among the most consistently enriched CAZymes. We could not assign
a function at destination to any of these CAZyme families, apart from GH20, which is
involved in both dietary fiber and peptidoglycan metabolism.
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Figure 2: Meta-analysis on a per-study basis using Wilcoxon tests and FDR correction for
p-values. We selected CAZymes to be displayed by taking the 15 most significantly differentially
abundant CAZymes in both CRC metagenomes and in control metagenomes as obtained by the
blocked Wilcoxon test using combined data from all eight cohorts. Note that both Italian cohorts
contained significantly differentially abundant CAZymes, but these were not among the 15 most
significant ones in either direction. The different studies are indicated in the columns of the
heatmap and labeled underneath (AT; Austria, CN; China, DE; Germany, FR; France, IT; Italy, JP;
Japan and US; United States). Red indicates CAZymes that are more abundant in CRC patients
and blue indicates CAZymes more abundant in controls. CAZymes are ordered on the y-axis
based on average generalized fold change values.

Enrichment analysis reveals decreased dietary fiber metabolism and increased
glycosaminoglycan (GAG) metabolism in CRC patients

We next investigated whether dietary fiber, and other substrates, were enriched at the
substrate level rather than the individual CAZyme level. To this end, we performed
enrichment testing through GSEA. Leveraging our suggestion for novel manual
substrate annotations in combination with GSEA, we could investigate enrichment
of CAZymes at the substrate category level rather than at the individual CAZyme
level. Enrichment analysis was performed at the level of the glycan’s function at

128



CHAPTER 5

destination, with testing performed for five large substrate categories (dietary fiber,
glycosaminoglycans, peptidoglycan, glycogen and mucin). The difference in number of
CAZymes annotated with these specific substrates is large, with 266 unique CAZymes
being involved in metabolism of dietary fiber, 27 in glycosaminoglycan, 25 in glycogen,
16 in peptidoglycan and two in mucin. GSEA testing revealed an enrichment of dietary
fiber metabolism in controls (adjusted p-value 7.44¢e"-04), while GAG and peptidoglycan
were significantly enriched in CRC patients (adjusted p-value 3.68"-04 and 3.52¢”-02,
respectively) (Figure 3). GAG are important components of the extracellular matrix of
animal tissues (for example in connective and skeletomuscular tissue) and, importantly,
have never been detected in plants®*34,

DF GAG PG Glycogen Mucin

Category
M Control
M crc

Presence
No
Unknown
Yes

—
——
00 02
Generalized fold change

GSEAp-value GSEAp—value GSEAp-value GSEAp-value GSEA p-value
7.440-04 3.680-04 3520-02 8.756-01 9.126-01

Figure 3: Differentially abundant CAZymes and substrate enrichment testing. Horizontal bars
show significant abundance differences in CAZymes depicting the effect size by the generalized
fold change, as identified by a blocked Wilcoxon test and FDR correction (left) and results of
GSEA analysis per substrate category (right) with their respective indication whether a substrate
was annotated by a specific CAZyme or not. GSEA was performed on all CAZymes which had
a substrate annotation and not only the ones displayed in this plot. CAZymes with ‘Unknown’
substrate annotation were not included in GSEA. Dietary fiber (DF) was significantly enriched in
controls, while glycosaminoglycans (GAG) and peptidoglycan (PG) were significantly enriched
in CRC patients. On the right side of the plot, black indicates a CAZyme to be involved in specific
substrate metabolism, white indicates it is not and grey indicates that no substrate could be
assigned to the respective CAZyme. CAZymes on the left side were included if their adjusted
p-value was <0.01 and had a generalized fold change of more than 0.075 or lower than -0.075.
Red indicates CAZymes that are more abundant in CRC patients and blue indicates CAZymes
more abundant in controls.
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Discussion

We present a new tool for profiling CAZymes from shotgun metagenomic data
generated from human fecal samples. To interpret these profiles with respect to broader
substrate categories, we additionally derived a hierarchical substrate classification
scheme and curated substrate information for all CAZyme families found in the
human gut based on the scientific literature. To maximize the detection accuracy of
CAZymes in uncharacterized (meta-)genomic sequences based on sequence homology,
we systematically optimized and validated family-specific HMMs (and their E-value
cutoffs) on a large set of manually annotated CAZyme sequences. By leveraging our
novel substrate annotation scheme, we were for the first time able to perform enrichment
testing with respect to substrate metabolism for CAZymes in metagenomic case-control
studies. In an application to eight studies of CRC, these novel tools revealed a clear
CRC-associated CAZyme signature that is largely consistent across the geographically
diverse studies included in this meta-analysis.

Advantages of our newly developed tool over dbCAN2

The most widely used tool for detecting CAZymes in genomic data are dbCAN2
and its predecessor dbCAN® *. This tool is largely based on building HMMs from
CAZy (sub)families from the CAZy database. While it has proven to be extremely
valuable for annotating genomic data, the E-value cutoffs have not been optimized for
detection accuracy. Here we used blocked cross-validation on the protein sequences
from the CAZy database to optimize HMM E-value cutoffs to more accurately identify
CAZymes. Going a step further than annotation of genomic data, we devised a profiling
framework to enable users to directly profile CAZymes from human gut metagenomic
data. This is a major advance, as it allows for straightforward comparative analyses
of CAZyme profiles between (groups of) metagenomic samples using statistical tests
suitable for metagenomic data. We will ultimately make the workflow presented in this
manuscript (from raw read processing to obtaining matrices with CAZyme abundances)
publicly available as open-source software to enable other researchers to easily profile
the CAZyme repertoire in their metagenome. While we purely focused on the human gut
microbiome, we plan for future updates to extend the CAZyme substrate annotations to
gene sequences found in metagenomic gene catalogs available for other mammalian gut
microbiomes and environmental communities, such as those in the environment (e.g.
soil, ocean)**4!,

Manual substrate annotations allow for informative grouping at higher functional
levels and statistical enrichment testing

By detecting broader shifts in carbohydrate degradation capabilities of microbial
communities, key insights into community function have been obtained, in some cases
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with important implications for host physiology*> *. However, this type of analysis
is still not very commonly performed on human gut metagenomic data due to the
following technical challenges. The combination of a lack of knowledge on substrate
usage of specific CAZyme families and grouping CAZymes into families based on
protein sequence similarity does not allow for easy interpretation of CAZyme profiles
with regard to substrate utilization’. Therefore, it would be highly valuable to have
a consistent higher-level substrate annotation that can be used to detect trends across
families. A common workflow that researchers currently take when trying to assign
functional information to CAZymes is to first investigate, through differential abundance
testing, which CAZymes are differentially abundant between two groups of interest and
then attempt to annotate these CAZymes only'” *. However, this does not leverage a
potential ‘substrate-level’ effect, as while individual CAZymes may not be significantly
differentially abundant, their combined effect may be significant at the substrate level?’.
Such enrichment patterns can, however, be detected using our new substrate annotation
scheme in combination with Kolmogorov-Smirnov type statistical tests that are also
commonly applied in GSEA?.

CAZyme and substrate enrichments correspond to and extend on previous
nutritional epidemiological studies investigating CRC

Increased dietary fiber intake has long been linked to a reduced risk of developing CRC,
although there is some conflicting evidence from nutritional epidemiological studies**,
However, it has not been systematically investigated whether the gut microbiome may be
involved in the physiological metabolic processes underlying this association'”. Previous
research showed specific CAZymes involved in fiber metabolism to be more abundant
in controls and several CAZymes involved in host glycan metabolism (e.g. mucin) to be
more abundant in CRC patients'”. We investigated if this could be confirmed by applying
our tool on data from eight different studies with patients recruited in seven different
countries on three continents. Additionally, we moved away from exclusively testing
individual CAZymes, but instead assessed enrichment of specific substrate categories
through a GSEA. Importantly, we found dietary fiber metabolism to be increased in
controls and an increase in GAG metabolism in CRC metagenomes (Figure 3). The
latter possibly reflects increased meat consumption in CRC patients, which has been
linked to an increased risk for developing CRC**!,

Unfortunately, no food frequency questionnaire or other detailed dietary information was
collected from the CRC patients or controls, which prevents us from correlating reported
dietary intake to abundance of specific CAZymes or to the observed enrichment in GAG
metabolism. Importantly, while we see this enrichment in GAG in CRC metagenomes,
it should be noted that this remains an association and cannot be interpreted as a causal
relationship. Lastly, we observed an enrichment in peptidoglycan metabolism in CRC
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metagenomes, which is in line with a previous observation of an increase in bacterial cell
wall components in CRC metagenomes'’, but this result remains difficult to interpret.
In conclusion, our novel tool allows for accurate profiling of CAZymes from
metagenomic shotgun sequence data and the annotation scheme enables substrate-based
analysis and interpretation. Together, the tool and substrate annotation scheme pave the
way for more informative functional analyses from metagenomic data with respect to the
CAZyme repertoire. We applied our tool and annotation scheme to investigate the role
of CAZymes and substrate metabolism in CRC metagenomes and discovered specific
CAZymes and substrates to be enriched and depleted in CRC metagenomes. While both
the dietary fiber and GAG signatures are consistent with known dietary risk factors
of CRC, it remains unknown whether the gut microbiome mediates the potentially
beneficial and harmful effects of these dietary components in CRC development, or
whether the gut microbiome simply adapts to the diet and plays no mechanistic role in
the diet-CRC relationship. Therefore, future studies should aim to delineate whether the
effects of dietary factors on CRC development are microbiome-mediated or not.
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Supplementary tables

Table S1: Table with annotations at several functional categories per glycan. Dietary fiber (DF),
non-starch polysaccharides (NSP), peptidoglycan (PG), glycosaminoglycan (GAG).

Glycan Origin Function_in_ Function_ Function_d Function_
origin destination_1 estination_2 destination_3
arabinogalactan Plant,Bacteria Structural DF NSP Gum,Pectin
arabinoxylan Plant Structural DF NSP Hemicellulose
beta-glucan Plant,Bacteria,Fungal Structural DF NSP Hemicellulose
beta-mannan Plant Structural DF NSP Mannans_and
Heteromannans
cellobiose Plant Structural DF NSP Cellulose
cellulose Plant Structural DF NSP Cellulose
galactomannan Plant,Fungal Structural DF NSP Mannans_and_
Heteromannans
glucomannan Plant,Fungal,Bacteria Structural DF NSP Mannans_and
Heteromannans,
Hemicellulose
xylan Plant Structural DF NSP Hemicellulose
xyloglucan Plant Structural DF NSP Hemicellulose
amylopectin Plant Storage DF Resistant_starch ~ Unknown
amylose Plant Storage DF Resistant_starch ~ Unknown
arabinan Plant Structural DF NSP Pectin
glycogen Animal Storage Glycogen Unknown Unknown
pullulan Fungal Structural DF Unknown Unknown
starch Plant Storage DF Resistant_starch ~ Unknown
alginate Algae,Bacteria Structural DF NSP Gum
carrageenan Algae Structural DF NSP Gum
galactan Algae,Plant Structural DF NSP Pectin
laminarin Algae Storage DF NSP Unknown
porphyran Algae Structural DF NSP Unknown
fucoidan Algae Structural DF NSP Unknown
ulvan Algae Structural DF NSP Unknown
alpha-mannan Fungal Structural DF NSP Unknown
chitin Animal,Fungal Structural DF Unknown Unknown
chitosan Animal,Fungal Structural DF Unknown Unknown
chitodextrin Animal,Fungal Structural DF Unknown Unknown
dextrin Plant Storage DF Resistant Unknown
oligosaccharides
chondroitin Animal GAG GAG Unknown Unknown
chondroitin_sulfate ~ Animal GAG GAG Unknown Unknown
heparin Animal GAG GAG Unknown Unknown
heparin_sulfate Animal GAG GAG Unknown Unknown
hyaluronan Animal,Bacteria GAG GAG Unknown Unknown
mucin Animal Unknown Mucin Unknown Unknown
fructan Plant Storage DF NSP Unknown
inulin Plant Storage DF Resistant_ Unknown
oligosaccharides
homogalacturonan Plant Structural DF NSP Pectin
rhamnogalacturonan  Plant Structural DF NSP Pectin
melibiose Fungal Unknown Unknown Unknown Unknown
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Glycan Origin Function_in_ Function_ Function_d Function_
origin destination_1 estination_2 destination_3
raffinose Plant Unknown DF Resistant Unknown
oligosaccharides

agarose Algae Structural DF NSP Unknown
peptidoglycan Microbial Structural PG PG PG

lichenin Plant Storage DF NSP Unknown
GlcNAc Animal,Bacteria Structural Unknown Unknown Unknown
GalNAc Animal,Bacteria Structural Unknown Unknown Unknown
sialic_acid Animal,Bacteria, Unknown Unknown Unknown Unknown

Archaea,Algae
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Abstract

Gut microbiota composition in patients with Clostridioides difficile colonization is not
well investigated. We aimed to identify bacterial signatures associated with resistance
and susceptibility to C. difficile colonization (CDC) and infection (CDI). Therefore,
gut microbiota composition from patients with CDC (n=41), with CDI (n=41) and
without CDC (controls, n=43) was determined through 16S rRNA gene amplicon
sequencing. Bacterial diversity was decreased in CDC and CDI patients (p<0.01).
Overall microbiota composition was significantly different between control, CDC and
CDI patients (p=0.001). Relative abundance of Clostridioides (most likely C. difficile)
increased stepwise from controls to CDC and CDI patients. In addition, differential
abundance analysis revealed that CDI patients’ gut microbiota was characterised by
significantly higher relative abundance of Bacteroides and Veillonella as compared to
CDC patients and controls. Control patients had significantly higher Eubacterium hallii
and Fusicatenibacter abundance than colonized patients. Network analysis indicated
that Fusicatenibacter was negatively associated with Clostridioides in CDI patients,
while Veillonella was positively associated with Clostridioides in CDC patients.
Bacterial microbiota diversity is decreased in both CDC and CDI patients, but harbour
a distinct microbiota.. Eubacterium hallii and Fusicatenibacter may indicate resistance
against C. difficile colonization and subsequent infection, while Veillonella may indicate
susceptibility to colonization and infection by C. difficile.
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Introduction

Clostridioides difficile, formerly named Clostridium difficile, is an anaerobic, Gram-
positive, spore-forming bacillus. It is the main causative agent of nosocomial diarrhea,
with antibiotic use as most important risk factor. Nowadays, also community-associated
diarrhea due to C. difficile is increasingly reported. Clinical symptoms arise when C.
difficile spores germinate within the intestine and the viable bacteria start to produce
toxins. The secretion of Toxin A (TcdA) and Toxin B (TcdB) leads to inflammation of
the large intestine . The clinical presentation may range from mild diarrhea to a life-
threatening toxic megacolon!'l. However, the ingestion of C. difficile spores does not
always lead to the development of symptomatic disease. C. difficile can also be silently
present in the gut, without causing any symptoms. This condition is called asymptomatic
C. difficile colonization . Patients colonized with C. difficile play an important role in
disease epidemiology, as they act as a reservoir for onward transmissions®® 4 and they
may also progress to infection themselves, especially in the presence of an underlying
illness P71,

It is believed that the bacterial gut microbiota plays an important role in determining
the susceptibility to colonization and subsequent infection with C. difficile. In patients
with C. difficile infection (CDI), a lower richness and diversity, and decreased relative
abundances of Bacteroidetes, Ruminococcaceae and Lachnospiraceae members have
been described ™ 1. The gut microbiota in C. difficile colonized patients is less well
characterised™® %, but may give more insight into mechanisms that allow for colonization
whilst protecting against infection. A previous study identified specific gut metabolites
associated with colonization and infection by C. difficile, but did not determine
microbiota composition ", In order to identify which bacterial signatures are associated
with resistance and susceptibility to C. difficile colonization and CDI, we compared the
gut microbiota of CDI patients, patients with C. difficile colonization (CDC) at hospital
admission and patients without CDI or CDC at admission.

Materials and Methods

Subjects and sample collection

This study was designed to compare the gut microbiota between three groups: patients
with C. difficile colonization (CDC) on hospital admission, patients without C. difficile
colonization on hospital admission (controls) and hospitalised patients with CDI. For the
first two groups, fecal samples were obtained from CDC and control patients admitted
to Leiden University Medical Center (LUMC) or Amphia hospital as part of the CDD
(“Clostridium difficile dragerschap” [carriership]) study, a study designed to determine
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the prevalence of CDC at hospital admission, conducted between January 2015 and March
2016. Adult patients admitted to predefined medical and surgical wards were eligible for
enrolment. Stool samples were requested within 72 hours of hospital admission. If patients
were discharged home within 72hrs, a stool sample was collected at home and returned to
the hospital by mail or in person. Colonized patients were defined as patients who tested
positive for C. difficile by stool culture and were not clinically suspected of CDI within
the first 72hrs of admission. For each colonized patient, the first consecutive patient with
a negative stool culture for C. difficile was included to form the control group. For the
third group, fecal samples were obtained from adult patients hospitalised in the LUMC
and diagnosed with CDI between July 2015 and May 2017. All CDI cases had to comply
with the definitions valid in the Dutch surveillance protocol %, and CDI diagnosis was
based on CDI symptoms in combination with laboratory CDI testing in agreement with
the recommendations of the European Centre for Disease Control and Prevention [, C.
difficile culturing and molecular diagnostics were performed as described below in the
‘microbiological analysis’ section. Patients initially participating in the CDD study but
diagnosed with CDI within 72hrs of admission were included in the CDI group.

The LUMC institutional review board served as the central institutional review board
and had no objection to the performance of the study. At the Amphia hospital, the
directing board had no objection to the performance of the study. Stool samples from
CDC and control patients were collected under verbal consent and written informed
consent from these patients was obtained for collection of additional data (see below). A
waiver for informed consent from CDI patients was obtained.

Microbiological analyses

Microbiological analyses were performed at the National Reference Laboratory for
Clostridium difficile (LUMC, The Netherlands). Fecal samples were initially stored at
2-6°C and tested on the day of receipt, or the following working day in case of weekends
or holidays.

Fecal samples from CDC and control patients were cultured on CLO plates (containing
cefoxitin, amphotericin B and cycloserin, BioMérieux, The Netherlands) and after
ethanol shock on CLO plates and CNA plates (containing colistin and nalidixinic acid,
BioM¢érieux, The Netherlands). Suspicious colonies were tested by GDH PCR to confirm
the presence of C. difficile ™. In addition, a multiplex PCR for TcdA, TcdB and binary
toxin genes was performed on the isolates to determine if CDC patients were colonized
by a toxigenic or non-toxigenic strain '],

Fecal samples from patients with suspected CDI were tested according to standard operating
procedures which included an assay to detect free C. difficile toxins'%l, In addition, positive
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tested samples were cultured for presence of C. difficile as described above.

C. difficile isolates from CDC patients and CDI patients were PCR ribotyped as
previously described ['7).

Patient data collection

Demographical data and data about medication use during the last three months (until
admission for CDC patients and controls or until sample submission for CDI patients),
previous hospitalisation in the last year and previous CDI episodes (ever and within the
last eight weeks) were collected by questionnaires and electronic chart review (CDC
and control patients) or chart review only (CDI patients). Recurrent CDI was defined as
a new diarrheal episode within two to eight weeks after a previous diarrheal episode due
to C. difficile and C. difficile re-infection as a new diarrheal episode more than 8 weeks
after the previous diarrheal episode due to C. difficile.

Epidemiological analyses were performed to compare characteristics between control,
CDC and CDI patients by one-way ANOVA or chi-squared test using STATA SE version
15.1 (StataCorp, College Station, TX, US).

Microbiota analysis

Samples

A total of 125 fecal samples were included: 43 samples from control patients, 41
samples from CDC patients and 41 samples from CDI patients. Samples from control
and CDC patients were in 74/84 patients (88%) obtained within 72hrs after admission.
Fecal samples were submitted from home by 15/84 patients (17.9%), while from the
other 69/84 patients (82.1%) fecal samples were collected in the hospital.

DNA extraction, library preparation and sequencing

DNA was extracted from 0.1 gram faeces using the Quick-DNA™ Fecal/Soil Microbe
Miniprep Kit (ZymoResearch, CA, USA). Quality control, library preparation and
sequencing were performed by GenomeScan B.V. (Leiden, The Netherlands) using the
NEXTflex™ 16S V4 Amplicon-Seq Kit (BiooScientific, TX, USA) and the Illumina
HiSeq4000 platform (paired-end, 150bp). An average of 2.117.322(707.362—5.742.717)
reads per sample was obtained. Raw sequencing data is available in the European
Nucleotide Archive (http://www.ebi.ac.uk/ena) under study accession PRIEB30586.

Sequencing data analysis

Read filtering, operational taxonomic unit (OTU)-picking and taxonomic assignment
were performed using the NGTax 0.4 pipeline with following settings: forward read
length of 150, reverse read length of 120, ratio OTU abundance of 2.0, classify ratio of
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0.9, minimum threshold of 1*107, identity level of 97%, error correction of 98.5, using
the Silva_ 132 SSU Ref database [, The obtained OTU-table was filtered for OTUs
with a number of sequences less than 0.005% of the total number of sequences 2!. A
couple of technical duplicates were included for DNA extraction (n=3 samples) and
sequencing (n=6 samples) procedures, indicating high replicability of results (Figure
S1). Three negative controls were included from DNA extraction onwards and contained
less than 1% of the number of reads obtained from fecal samples.

All microbiota analyses and data visualisation were performed in R (v3.5.1), using
the packages phyloseq (v1.24.2), vegan (v2.5-2), ggplot2 (v3.0.0), DESeq2 (v1.20.0),
microbiome (v1.2.1) and SpiecEasi (v0.1.4) ?*?7, Visualisation of network analysis
was performed in Cytoscape (v3.7.0) 2%, Results were considered significant if p<0.05,
or Benjamini-Hochberg corrected p<0.05 for differential abundance analysis. Prior to
differential abundance testing (DESeq2) and network analysis (SpiecEasi), the OTU-
table was filtered for OTUs present in less than 25% of samples. Nucleotide sequences
belonging to the Clostridioides genus were blasted using the NCBI standard nucleotide
blast, with 16S ribosomal sequences (Bacteria and Archaea) selected as the reference
database, to determine if the sequence had a better hit to C. difficile or C. mangenotii.
Kruskal-Wallis followed by post-hoc Dunn’s testing was performed to compare Shannon
diversity indices between the patient groups. Permutational multivariate analysis
of variance (PERMANOVA) was performed using the ‘adonis’ function with 999
permutations and Bray-Curtis distances to separately investigate associations between
microbiota composition and various clinical variables. Each clinical variable was tested
separately using PERMANOVA. SPIEC-EASI, using the Meinshausen-Buhlman method
for graph estimation of the network, was performed for network analysis with lambda.min.
ratio=0.01, nlambda=20 and rep.num=99. This method is robust to many characteristics
of 16S amplicon data, such as compositionality and dimensionality ?2. OTUs without a
direct edge connection to another OTU were removed for visualisation purposes.

Results

Epidemiology

Thirty CDI episodes were primary episodes, seven were recurrent episodes and four
were C. difficile re-infections. From four patients, two different episodes were included
in this study. This mixture of primary episodes, recurrences and re-infections reflects
the true CDI population, as recurrence and re-infection are common. Previous CDI,
both within and beyond the last eight weeks, was common among CDI patients (17.1%
for both) whereas it was uncommon in CDC patients (2.4% and 7.3%) and no previous
CDI was recorded in controls. Antibiotics were used in the last three months in 97.6%
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of CDI patients, 73.2% of CDC patients and 59.5% of control patients (p<0.001). The
C. difficile PCR ribotype distribution in CDC and CDI patients is shown in Figure S2.
Patient characteristics are shown in Table 1.

Table 1. Subject characteristics.

CDI patients CDC patients Control patients
(n=41) (n=41) (n=43) p-value
Age in years, mean (SD) 57.5(17.6) 55.3 (18.7) 57.8 (13.5) 0.76
Sex 0.47
Male 22/41 (53.7%) 22/41 (53.7%) 28/43 (65.1%)
Female 19/41 (46.3%) 19/41 (46.3%) 15/43 (34.9%)
Previous CDI
Last 8 weeks 7/41 (17.1%) 1/41 (2.4%) 0/42 (0%) 0.003
>8 weeks earlier 7/41 (17.1%) 3/41 (7.3%) 0/42 (0%) 0.02
Current CDI episode
primary episode 30/41 (73.2%)
persistent primary episode 2/41 (4.9%)
Ist recurrence of primary episode 3/41 (7.3%)
2nd recurrence of primary episode 1/41 (2.4%)
Sth recurrence of primary episode 1/41 (2.4%)
Ist reinfection 1/41 (2.4%)
2nd reinfection 2/41 (4.9%)
2nd recurrence of first reinfection 1/41 (2.4%)
Previous hospitalisation (last year) 29/41 (70.7%) 30/41 (73.2%) 19/42 (45.2%) 0.01
Comorbidities
IBD 2/41 (4.9%) 7/41 (17.1%) 2/42 (4.8%) 0.08
Solid organ transplant 17/41 (41.5%) 9/41 (22.0%) 2/42 (4.8%) <0.001
Solid malignancy 5/41 (12.2%) 6/41 (14.6%) 11/42 (26.2%) 0.2
Hematological malignancy 9/41 (22.0%) 0/41 (0%) 2/42 (4.8%) 0.001
Previous medication use (last 3 months)
Antibiotics  40/41 (97.6%) 30/41 (73.2%) 25/42 (59.5%) <0.001
Immunosuppressants  30/41 (73.2%) 17/41 (41.5%) 13/42 (31.0%) <0.001
Chemotherapy 10/41 (24.4%) 2/41 (4.9%) 5/42 (11.9%) 0.03
PPI or antacids 31/41 (75.6%) 30/41 (73.2%) 19/42 (45.2%) 0.006

Bacterial community structure

To elucidate characteristics of the bacterial community structure, several tests were
performed. We determined bacterial diversity using the Shannon index, performed
PERMANOVA to relate microbiota composition to clinical factors, and clustered samples
based on both weighted and unweighted UniFrac distance metrices for between-sample
comparisons. Bacterial diversity was significantly higher in controls as compared to
CDC and CDI patients (p<0.01), but did not differ between CDC and CDI patients
(Figure 1).
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Figure 1: Violin plot of alpha diversity, as measured by the Shannon index, in control, CDC and
CDI patients. The box plot shows the median, 25™ and 75" percentile and whiskers indicate 1.5*
interquartile range. *p<0.05, **p<0.01, ***p<0.001.

The most important clinical factor associated with microbiota composition was the
patient group (PERMANOVA, p=0.001, R*=0.075). Additional pairwise comparisons
revealed that microbiota composition of control, CDC and CDI patients all differed
from each other (PERMANOVA, p<0.01). The difference in microbiota composition
between groups could also be observed via sample clustering based on unweighted
UniFrac distance, but was less apparent, although still visible, using weighted UniFrac
distance (Figure 2), reflecting differences in presence/absence of bacterial taxa rather
than in their relative abundance. Here, microbiota composition of CDC patients are
scattered, with some samples being more similar to CDI patients and others to controls.
Clustering analysis solely on the CDC group showed no differentiation in microbiota
composition by toxinogenic or non-toxinogenic C. difficile carriership, or by any other
variable (data not shown).
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Figure 2. Principal Coordinates Analysis (PCoA) based on unweighted (A) and weighted (B) UniFrac
distances. Each sample is represented by a shape and color according to its category. The percentage
of variation explained by the two first PCoA dimensions is indicated on the respective axes.

In addition to patient group, overall microbiota composition was significantly affected
by solid organ transplantation, previous CDI, PPIs/antacids, immunosuppressants and
specific antibiotics, including vancomycin and metronidazole, which are commonly
prescribed antibiotics for CDI treatment (Table S2). However, effect sizes were smaller
for these clinical variables than for segregation by patient group. Since antibiotics
are known to alter gut microbiota composition, we explored whether antibiotic use
in the previous three months affected microbiota composition within the control and
CDC group. This was indeed the case for control patients (PERMANOVA, p=0.035,
R?=0.044), but not for CDC patients (PERMANOVA, p=0.409, R*=0.031). Within the
control group, antibiotic use also impacted bacterial diversity, with a trend for increased
diversity in the non-antibiotic group (p=0.0518). For these reasons, the control group
was separated in controls with (C+AB) and without (C-AB) previous antibiotic use for
differential abundance analysis.

Relative abundance of individual bacterial taxa

In order to study the differential abundance of bacterial taxa between the patient groups,
DESeq2 analysis was performed. Relative abundance of Clostridioides showed a
significant stepwise increase from C-AB (<0.01 + <0.01%), C+AB (0.05 + 0.2%) to
CDC (0.7 +£2.2% ) and CDI patients (2.5 = 2.9%) (Table S1A and S1B). It is, however,
important to take prevalence into consideration, as Clostridioides reads were detected
in only 26/41 CDC patients (63.4%) and in 38/41 CDI patients (92.7%). The nucleotide
sequence belonging to this Clostridioides OTU resulted in a 100% sequence identity
with two C. difficile strains, but only a 94% sequence identity with C. mangenotii.
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Compared to CDC patients, C+AB and C-AB had an increased relative abundance of
Eubacterium hallii (Figure 3, Table S1A,B). As expected, more and larger differences
were observed between C-AB and CDC patients than between C+AB and CDC patients.
In addition to an increase in E. hallii, the relative abundance of Fusicatenibacter was
significantly higher in C-AB compared to CDC patients, while the relative abundance
of several Enterococci, Ruminococcus gnavus and Lachnoclostridium were significantly
lower (Figure 3, Table S1A,B).

Compared to C+AB and CDC patients, microbiota of CDI patients was characterised
by a higher relative abundance of Clostridioides, Bacteroides and Veillonella, and by a
lower abundance of genera belonging to the Ruminococcaceae family and Actinobacteria
phylum (Figure 3, Table S1A,B). Many of these lower abundant genera are known short-
chain fatty acid (SCFA)-producers and carbohydrate degraders. Additionally, CDI patients
had increased relative abundance of R. gnavus and Lachnoclostridium compared to C+AB
patients. To avoid antibiotic use bias, CDI patients were not compared to C-AB patients.
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Figure 3: Heatmap showing differentially abundant bacterial taxa between C-AB, C+AB, CDC
and CDI patients. Bacterial taxa with a Log2 fold change of at least (-)2.25 and a Benjamini-
Hochberg corrected p-value < 0.05 are shown on OTU-level. OTU numbers are indicated as
164858xxxxxx. A full overview can be found in Table S1A.
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Bacterial networks

To investigate connectivity of the differentially abundant Clostridioides genus with
other bacterial genera, network analysis was performed on microbiota composition
profiles of CDC and CDI patients. In CDI patients, Fusicatenibacter was negatively
associated with Clostridioides (Figure 4A). In CDC patients, a positive association
between Clostridioides and Veillonella was observed (Figure 4B).
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Figure 4: Association network analysis using SPIEC-EASI in CDI (A) and CDC (B) patients.
Each node represents a single OTU and is colored according to family-level taxonomy. Green
edges indicates a positive association between nodes, red edges indicate a negative association
between nodes.

Discussion

Itis generally accepted that CDI can develop due to a disturbed gut microbiota. In contrast,
not much is known about the role of the gut microbiota in C. difficile colonization. In
this study, the gut microbiota of patients with asymptomatic C. difficile colonization
was characterised. CDC patients had unique gut microbiota signatures and bacterial taxa
could be identified that may be of relevance for further mechanistic studies. While 16S
rRNA gene amplicon sequencing did not allow for identification of Clostridioides in all
colonized and CDI patients, its relative abundance increased in a step-wise manner from
controls to colonized patients and CDI patients.
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Bacterial diversity was decreased in CDC and CDI patients, and microbiota composition
was mostly patient group-specific. Interestingly, microbiota composition was associated
with previous antibiotic use within the control group, but not within the CDC group.
This may suggest that CDC patients already have a disturbed bacterial community prior
to colonization, independent of antibiotic treatment, although the underlying reason
remains unclear. Another explanation could be that, as 73.2% of CDC patients had
previous antibiotic use, too few CDC patients without antibiotic use were included to
effectively identify an antibiotic treatment effect within this group.

Multiple differentially abundant genera were found between control, CDC and CDI
patients, and included Eubacterium hallii, Fusicatenibacter and Veillonella. Bacterial
network analysis showed that C. difficile was directly negatively associated with
Fusicatenibacter in CDI patients, and directly positively associated with Veillonella in
CDC patients. This may indicate that Fusicatenibacter may play a role in preventing CDI
development, while Veillonella may play a role in C. difficile colonization, respectively.
It has previously been hypothesized that Eubacterium species are protective against CDI
development in asymptomatic carriers ', In our study, E. hallii was more abundant in
controls (with and without antibiotic use) than in CDC patients. E. hallii is known to
produce the three main SCFAs, propionate, acetate and butyrate™-3%, and is increasingly
investigated for its potential benefit in metabolic disease'1. This bacterium may contribute
to colonization resistance against C. difficile through SCFAs production, although the
role of SCFAs against C. difficile remains debated %331, Possibly, E. hallii contributes
to colonization resistance through secondary bile-acid production. Secondary bile acids
are known to inhibit C. difficile growth and a secondary bile acid-producing bacterium,
Clostridium scindens, enhances colonization resistance against C. difficile B* 3.
E. hallii possesses bsh genes, necessary for deconjugation of conjugated bile acids,
which is a crucial step prior to converting deconjugated bile acids into secondary
bile acids . However, although the most important enzyme for secondary bile acids
conversion, 7a-dehydroxylase, was demonstrated to be present in Eubacterium species,
no homologue has been detected in E. hallii s genome B! 36381,

Veillonella was more abundant in CDI patients compared to CDC patients and controls
with prior antibiotic use, and was positively associated with Clostridioides in colonized
patients in our study. Veillonella is normally found in the oral cavity where it can
form dental plaques with Streptococcus, but is also found in atherosclerotic plaques
and fecal samples from patients with atherosclerosis %4, Veillonella and streptococci
may be metabolically linked through lactic acid, which also holds for other lactic-acid
producing bacteria, like lactobacilli ¥ *2. Lactobacillus and Veillonella were indeed
directly positively linked in our network analysis. While increased relative abundance of
Veillonella may be a result of intrinsic resistance to multiple antibiotics, a recent in vitro
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study showed that Veillonella increases when a dysbiotic microbiota is co-cultivated
with C. difficile ™. In addition, increased Veillonella abundance has been reported
prior to CDI onset 4. These studies, combined with our data, suggest that Veillonella
is associated with C. difficile colonization and infection. It remains unclear whether
Veillonella has a role in CDI development (e.g. via biofilm formation), or whether it
simply outgrows as a result of altered metabolic pathways or unoccupied niches in the
gut due to antibiotic use or C. difficile expansion.

Fusicatenibacter was differentially abundant between C-AB and CDC patients, and was
negatively associated with Clostridioides in CDI patients in our study. This bacterium
has only been cultured recently (2013) and we are the first to describe an association
between Fusicatenibacter and C. difficile colonization or infection 1. Previously,
Fusicatenibacter sacchivorans, the only known species within the Fusicatenibacter
genus, was shown to be increased in inactive ulcerative colitis (UC) patients and
decreased in active UC, related to its positive association with IL-10 production “¢,

Our study had some limitations. Almost all diagnosed CDI patients (39 of 41) came
from the LUMC while CDC and controls were derived from both Amphia hospital and
LUMC. As the LUMC is a university affiliated hospital instead of a general hospital,
patient characteristics in these groups may not have been completely comparable.
As such, solid organ transplants, previous hospitalisation, immunosuppressant use
and chemotherapy were more frequent in LUMC. Several of these clinical variables
significantly affected overall microbiota composition, which challenges studying the
sole effect of CDI on microbiota composition. Another limitation is that a single stool
sample was available. Therefore, it is impossible to determine if patients were transiently
or persistently colonized by C. difficile. Patients classified as CDC might have included
patients with only transient passage of spores?. Lastly, we have not performed functional
characterisation of the microbiota, e.g. by metabolomics or transcriptomics.

However, our study had multiple important strengths. Firstly, this is the first study which
investigates microbiota composition of C. difficile colonized patients, as compared to
controls and CDI patients, with more than ten patients included per group. This allowed
for more robust statistical analysis, and for detecting smaller and subtle changes within
the composition. Secondly, controls in this study were not healthy controls. Instead,
controls and CDC patients were selected from the same cohort of newly admitted patients
and all three groups were hospitalised on the same wards to make the comparisons
more fair. Thirdly, CDI was well defined. Although molecular testing is nowadays often
used as a stand-alone test to diagnose CDI, these assays cannot discern colonization
from infection *”!. In our study, all samples suspected of CDI were (also) tested with
an assay detecting free toxins. Laboratory results were interpreted in conjunction with
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clinical symptoms. According to the Dutch sentinel surveillance program and the ECDC
criteria, patients had to have diarrhea for at least 2 days and/or pseudomembranous
colitis at endoscopy and no other apparent cause of diarrhea. Although milder cases
may have been missed by using these strict criteria, we are quite confident that our
CDI group consisted of clinical relevant CDI cases requiring CDI treatment. Fourthly,
duplicates for DNA extraction and sequencing were included to detect potential bias. All
these duplicates showed very high similarity in composition profiles, demonstrating the
reproducibility of DNA extraction and sequencing procedures (Figure S1).

Conclusion

We demonstrated that colonization and infection by C. difficile is associated with
decreased bacterial diversity in the gut and differences in relative abundance of specific
bacterial taxa including Veillonella, Fusicatenibacter, Eubacterium hallii, Bacteroides
and members of the Lachnospiraceae and Ruminococcaceae families. Future studies
could focus on functional characterisation of the microbiota, e.g. by metabolomics or
transcriptomics, and on co-cultivation of specific bacteria, e.g. Fusicatenibacter with
C. difficile, in light of C. difficile colonization and infection. In addition, it is relevant
to determine if the observed gut microbiota changes are present before acquiring
colonization and/or CDI, or merely a consequence.
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Abstract

Hookworms are soil-transmitted helminths that use immune-evasive strategies to
persist in the human duodenum where they are responsible for anemia and protein
loss. Given their location and immune regulatory effects, hookworms likely impact the
bacterial microbiota. However, microbiota studies struggle to deconvolute the effect
of hookworms from confounders such as coinfections and malnutrition. We thus used
an experimental human hookworm infection model to explore temporal changes in
the gut microbiota before and during hookworm infection. Volunteers were dermally
exposed to cumulative dosages of 50, 100 or 150 L3 Necator americanus larvae. Fecal
samples were collected for microbiota profiling through 16S rRNA gene amplicon
sequencing at weeks zero, four, eight, fourteen and twenty. During the acute infection
phase (trial week zero to eight) no changes in bacterial diversity were detected. During
the established infection phase (trial week eight to twenty), bacterial richness (Chaol,
p=0.0174) increased significantly over all volunteers. No relation was found between
larval dosage and diversity, stability or relative abundance of individual bacterial taxa.
GI symptoms were associated with an unstable microbiota during the first eight weeks
and rapid recovery at week twenty. Barnesiella, amongst other taxa, was more abundant
in volunteers with more GI symptoms throughout the study. In conclusion, this study
showed that clinical GI symptoms following N. americanus infection are associated with
temporary microbiota instability and relative abundance of specific bacterial taxa. These
results suggest a possible role of hookworm-induced enteritis on microbiota stability.
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Introduction

Helminths such as hookworms can have beneficial effects on auto-immune diseases'?
such as celiac disease,>* but also cause eosinophilic gastroenteritis, anemia and protein
loss and are therefore responsible for a high burden of disease in low- and middle-income
countries.’ As a part of the human gut microbiome in developing countries with a high rate
of hookworm infections, hookworms can exert evolutionary pressure on the bacterial gut
ecosystem through intestinal motility, mucin glycosylation, mucus secretion, epithelial
damage and worm products.® For example, several helminths and their products have
been shown to increase permeability of monolayers in cell culture.”® In addition, worm
products can have direct antibacterial activity, thereby having the potential to directly alter
the bacterial gut microbiota.®'* However, the complex interplay between hookworms such
as Necator americanus and the bacterial microbiota is largely unknown.

In real-world settings, most studies have focused on characterizing the gut microbiota of
infected individuals in highly endemic regions with limited follow-up on individuals.'" '?
However, effects of confounding factors cannot always be uncoupled from the bacteria-
helminth relationship, as mixed helminth infections, other intestinal diseases and
malnutrition are also common in endemic regions.'> These factors may explain a large
part of inconsistent findings between studies.'® In addition, due to the high inter-individual
variability of the microbiome, cross-sectional studies only yield limited information.

In the current study, we studied the effect of hookworm infection on the gut microbiota
using a longitudinal model for human hookworm infection in healthy volunteers
(controlled human hookworm infection model, CHHIM). Here, samples can be obtained
at baseline, where the gut microbiome is unperturbed, and longitudinally in order to
model the ecosystem’s dynamics and perturbation after exposure to N. americanus. This
model allows for studying the changes in the bacterial microbiota in the different stages
of infection; skin penetration, (pulmonary) migration and gut establishment, a process
which takes roughly four weeks." In addition, potential confounding factors which
could affect the outcome of studies investigating bacterial-helminth interactions are
minimized."* The power of CHHIM to investigate changes in the human microbiota has
been demonstrated in a small study where patients with celiac disease were experimentally
infected.'>!” Although a very small study (n=8), a minor increase in richness was seen
after infection, while no changes in community, diversity or abundance of individual
taxa occurred.” This study was however limited by the use of a low infectious inoculum
of twenty larvae which resulted in egg output much lower than commonly found in
endemic areas and by only including patients with celiac disease.'® In this study we
infected individuals with 50-150 L3 larvae, after which we found mean egg counts
of around 1500 eggs per gram feces at plateau level, which is more in line with the
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endemic situation where mild infection is defined by WHO as <2000 eggs per gram
feces. ' 12 Still, infection levels in CHHIMs are not fully comparable to areas with a
high infectious burden, defined as >4000 eggs per gram by WHO. The current study had
two main aims. First, to investigate temporal changes in the gut microbiota in response
to different dosages (ranging from 50 to 150L3) N. americanus larvae in healthy young
volunteers. Second, to investigate temporal differences in the gut microbiota between
healthy volunteers experiencing different amounts of clinical symptoms.

Results

Results of the clinical trial have been published elsewhere.” Briefly, of the 24 randomized
volunteers, twenty completed follow-up and were included in the microbiota analysis,
providing a total of 100 fecal samples. The primary aim of the clinical trial was to investigate
the effect of repeated infectious dosages on hookworm egg excretion and variability. From
our 20 volunteers, eight (40%) were male and twelve (60%) were female and the mean age
was 25.7 years (standard deviation 6.1 years). No volunteers had used antibiotics in the six
weeks prior to enrolment. All volunteers developed patent hookworm infection as shown
by positive microscopy for hookworm eggs at a median of eight weeks (range five-nine)
after first skin infection with L3 larvae.!” Abdominal adverse events in many volunteers
starting at three to four weeks after infection were paralleled by eosinophil increases
which likely marked the timepoint of arrival and establishment of the hookworm in the
duodenum. Abdominal adverse events consisted of bloating, nausea, vomiting, diarrhea
or abdominal cramping. Volunteers exposed to higher larval dosages (n=6 volunteers with
50L3 larvae, n=7 with 100L3 larvae and n=7 with 150L3 larvae) generally had higher egg
loads in feces, but there was no relation between cumulative larval dosage and number
and severity of adverse events.'” Based on the severity, number and duration of adverse
events, nine volunteers were classified into the “hi”” GI symptoms group, whereas eleven
were categorized into the “lo” GI symptoms group by two independent physicians. All
volunteers with severe adverse events were placed in the “hi” category, together with two
volunteers who did not have severe adverse events but moderate adverse events of long
duration (Table S1). Median number of related abdominal adverse events was 4 in the
whole cohort (range 0-10), split per dosage group this was 4.5 in the 50L3 group, 4 in the
100L3 group and 3 in the 150L3 group. This difference was not statistically significant.
Originally, twelve volunteers were classified in the “hi” category, however, due to severe
abdominal adverse events three participants from the “hi” group were treated early and
could not be included in the microbiota analysis.

On average 28,600 reads (range=6,524-49,476 reads, median 29,244 reads) were
generated per volunteer sample (total n=100), resulting in a total of 1,258 unique OTUs
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(after filtering on 0.005% abundance). Both positive controls were highly similar to
theoretical expectations, with the DNA standard (n=2) being more similar to theoretical
expectation than DNA extraction controls (n=3) based on Bray-Curtis distances (Figure
S1A + B). Two out of three negative extraction controls did not contain any reads post-
filtering and one negative control contained only five reads in total.

High individual-specific clustering despite N. americanus infection

To explore data and understand potential shifts in microbiota composition, we performed
t-Distributed Stochastic Neighbor Embedding (t-SNE), using Bray-Curtis dissimilarity
of all samples, which revealed individual-specific clustering (Figure 1A), but no
clear clustering according to GI symptoms group (Figure 1B) or larval dosage group
(Figure 1C). Two individuals clustered separately, one of which had taken a course
of amoxicillin (volunteer 18), while the other was strictly vegetarian (volunteer 11).
It needs to be taken into account that t-SNE preserves the local structure rather than
the global structure of the data (like in PCA), so large distances in the 2D plot do not
necessarily reflect large distances in the high-dimensional space. Other people taking
antibiotics during the study course, all for reasons unrelated to the study, did not show
large compositional changes (Figure 1 + Figure S2 + Table 1).

Table 1: Volunteer characteristics. Included information is larval dosage group, GI symptom
group and whether individuals took antibiotics during the study.

VolunteerID Dosage Group GI_symptoms Gender  Antibiotic use
1 C Lo Male Amoxicilin, three times/day 500mg, for five days,
between trial week zero and four.

2 C Hi Female
3 C Lo Male
4 B Hi Female
5 A Lo Female
6 C Hi Female
7 B Hi Female
8 A Lo Female
9 B Hi Male Single cefazolin administration, between trial week
fourteen and twenty.
10 B Lo Male
11 C Lo Male
12 A Hi Male
13 C Lo Male
14 A Hi Female Single azithromycin (1000mg), between trial week
four and eight.
15 B Lo Female
16 A Lo Female Amoxicilin, three times/day 500mg, for five days,
between trial week zero and four.
17 B Lo Male
18 B Hi Female Amoxicilin, three times/day 500mg, for five days,
between trial week zero and four.
19 C Hi Female
20 A Lo Female
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CHAPTER 7

Larval dosage does not differentially impact alpha diversity or stability in the acute
phase of infection

To investigate whether larval dosages induce differential effects on the gut microbiota,
we compared alpha diversity and stability measures between dosage groups. Group A
(n=6 volunteers) received 50L3 larvae, group B (n=7 volunteers) 100L3 larvae and group
C (n=7 volunteers) 150L3 larvae (Figure 2). First, we investigated potential changes
in alpha diversity and stability during the acute phase of infection (which includes
trial week zero, four and eight). To test for differences in these parameters, normality
was tested using Shapiro-Wilk test and equal variance using an F-test. Subsequently,
depending on outcome of these tests, appropriate tests were performed.

© 50 Hookworm L3 larvae

O Placebo
@ Follow-up
@ Treatment
0000000 \Weekly visits
week 00 week 04 week 08 week 14 week 20

Lol

Group A  ©=0=(Q=0=()=0=0=0=0=0=0=0=0=0=0=0=0=0=0=0=(
Group B ©=0=(Q=0=(=0=0=0=0=0=0=0=0=0=0=0=0=0=0=0=()
Group C  @=0=~(Q=0=(=0=0=0=0=0=0=0=0=0=0=0=0=0=0=0=0)

A J

1
2 weeks 2 weeks 16 weeks

Figure 2: Study design. At indicated trial weeks (week zero, four, eight, fourteen and twenty)
feces were collected for microbiota analysis.

We started to compare the effect of acute infection compared to an uninfected state. As at
trial week four group A was not yet exposed, and group C twice (Figure 2), we compared
their deltas at trial week four (Chaol/Shannon at week four minus Chaol/Shannon at
week zero). Group B was not included in this analysis, since this group was infected
at week two of the study and thus at the time samples were taken (week four), patent
infection was not yet established in the gut. No differences in deltas were found at OTU
level (independent t-test, p=.76) or genus level (Mann-Whitney test, p=.61) between
A and C. No difference within group C between trial week zero and four at OTU level
(paired t-test, p=.49) or genus level (paired t-test, p=.41) was observed either (Figure 3A
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+ B). The same tests were performed for Shannon diversity, stability measures (1-Bray-
Curtis and 1-Jaccard, Welch t-test p=.742 and independent t-test p=.219 respectively),
but no differences were observed (Figure 3C-F).
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Figure 3: Richness (Chaol) and diversity plots at OTU and genus level (A-D) and stability
measures (Jaccard and Bray-Curtis) for larval dosage groups (E-F). Total infectious dosages for
group A (red): S0L3 larvae, group B (blue): 100L3 larvae and C (green): 150L3 larvae. Means and
the 95% CI of the standard error of the mean are displayed. *p<.05, **p<.01, ***p<.001

At trial week eight all volunteers likely had established intestinal hookworm infection.
Therefore, trial week zero and eight were compared to all individuals. No differences
were observed in Chaol at OTU level (Wilcoxon signed rank test, p=.391) nor at genus
level (Wilcoxon signed rank test, p=.152) (Figure 3A + B). No differences were observed
in Shannon diversity either (Figure 3C + D).

In conclusion, we did not observe any changes in diversity or stability of the microbiota
during the acute phase of infection between or within dosage groups.
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Microbiota richness increases in all volunteers during the established infection
phase

Subsequently, we investigated the effect of established infection (trial week eight to
twenty) on the gut microbiota using a linear mixed model (LMM). Chaol at OTU level
increased from trial week eight to twenty (p=.0174), and less clearly so at genus level
(p=-0905) over all volunteers, but no differential effect between larval dosage groups
was observed (Figure 3). No differences in Shannon diversity or stability were seen
between or within larval dosage groups or over time across all individuals. In conclusion,
we found an increased richness over all volunteers during established infection, but
Shannon diversity and stability remained unchanged. It is however unclear whether
this increased richness is a direct result of the infection, as no non-infected group was
available at this time point.

Individual bacterial taxa do not display major differential changes between larval
dosage groups

Lastly, we performed differential abundance analysis between larval dosage groups A
and C over time using the MetaLonDA package and investigated an overall hookworm
effect over all volunteers using DESeq2. Group B was not included in this analysis,
as data was only available at timepoint two weeks after infection. At this timepoint
no patent infection is established in the gut, but systemic effects or effects of early
larval migration cannot be excluded. In addition, the antibiotic-induced effect on the gut
microbiota of volunteer 18 (who was in group B) could affect the analysis, especially
considering the small number of volunteers in each dosage group. MetaLonDA at genus
revealed that Dorea was significantly increased between trial week four and week eight
in group A (p=0.04) (Figure S3A). However, as this is the only differentially abundant
taxa at a single time interval, this is unlikely to represent biological relevance. This
analysis was also performed at OTU level (Table S2 and Figure S4A). No differences in
relative abundance were observed across all volunteers from trial week zero to twenty
either at both genus and OTU level (adj. p-value > 0.05). We subsequently continued
analyzing the relationship between the gut microbiota and severity of GI symptoms.

Hi GI symptoms were associated with an unstable microbiota at trial week eight

Our next goal was to investigate whether baseline differences in microbiota composition
could be associated with severity of GI symptoms, so we compared the “lo” (n=11
volunteers) and “hi” (n=9 volunteers) GI symptoms groups. No difference in Chaol
was observed at OTU level (independent t-test, p=0.244) or genus level (Mann-Whitney
test, p=0.446) (Figure 4A + B) at week zero. Comparing week zero with week eight
did not show differences at OTU level (Wilcoxon signed rank test for the “lo” group,
p=0.391 and paired t-test for “hi” group, p=0.382, Figure 4A) or genus level (Wilcoxon-
signed rank test for “lo”, p=0.152 and paired t-test for “hi”, p=0.132) (Figure 4B). No
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differences were seen at trial week eight between symptom groups at OTU level (Mann-
Whitney test, p=0.412) or genus level (independent t-test, p=0.674) (Figure 4A + B).
The same tests were performed for Shannon diversity, but no differences were observed
either (Figure 4C + D).
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Figure 4: Richness (Chaol) and diversity plots at OTU and genus level (A-D) and stability
measures (Jaccard and Bray-Curtis) for GI symptoms groups (E-F). For Figure A, significance
between trial week eight and week twenty is for the “lo” GI symptoms group (orange). For Figure
E, significance between trial week eight and week twenty is for the “hi” GI symptoms group
(blue). Means and the 95% CI of the standard error of the mean are displayed. *p<.05, **p<.01,
**%p<.001.

Microbiota stability of the hi” GI symptoms group was significantly decreased at trial
week eight as compared to the “lo” GI symptoms group (Jaccard, independent t-test,
p=-036) (Figure 4E). No difference was found using Bray-Curtis dissimilarity (Figure 4F).

In conclusion, we did not find any changes in alpha diversity between GI symptoms

groups, but microbiota stability (here Jaccard) was significantly reduced in the “hi” GI
symptoms group at trial week eight compared to the “lo” GI symptoms group.
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Microbiota stability recovers over time

LMM was applied to investigate changes in diversity during the established phase in the
GI symptoms groups. We found a significant increase in Chaol from trial week eight to
twenty in the “lo” GI complaints group at OTU level (LMM, p=.045) (Figure 4A), but
not at genus level (LMM, p=.120) (Figure 4B). No differences were found for Shannon
diversity.

As previously mentioned, stability in the “hi” GI symptom group was reduced at trial
week eight. This instability quickly recovered from trial week eight to twenty (Jaccard,
paired t-test, p=.004) (Figure 4E). In addition, the slopes between the symptom groups
were significantly different from trial week eight to twenty, confirming the recovery
within the ”hi” symptoms group (LMM interaction, p=.002). This also means that there
was increased dissimilarity in the “lo” symptoms group in this time period. We further
hypothesized that this stability may perhaps be related to eosinophil count, but we did
not find a significant correlation between eosinophil count and microbiota stability
when stratifying by trial week (Figure S5A). No differences in Bray-Curtis dissimilarity
were observed during established infection, nor was a correlation found with eosinophil
counts at any trial week (Figure S5B). Eosinophil counts are visualized per time point
in Figure S6.

In summary, the “hi” GI symptom group was characterized by transient microbiota
instability and subsequent recovery.

Specific bacterial taxa differ between symptoms groups during the entire study
course

To investigate whether changes in individual bacterial taxa over the entire study course
could be linked to symptom groups (*hi’ n=9, ‘lo’ n=11), we employed the Metal.onDa
package (Figure 5, Figure S3B-F and Table S2) and found several bacterial taxa in
the “hi” GI symptoms group significantly increased at genus level. Barnesiella was
found to be significantly increased in this group at all intervals from trial week zero to
week twenty (p<.05), Lachnospiraceae ND 3007 was significantly higher from trial
week zero to fourteen (p<.05), Bilophila was more abundant between trial week zero
and four, and between trial week eight and twenty (p<.05) and Escherichia-Shigella
was significantly more abundant between trial week zero and four (p<.05). In the “lo”
GI symptoms group, Allisonella was more abundant between trial week fourteen and
twenty, at which time a chronic infection had been established (p<.05). Lastly, relative
abundance over time of these significantly different genera was visualized, to investigate
whether significance was driven at the group level or by a single individual (Figure
S3B-F). This showed that the difference in Escherichia-Shigella was driven by a single
person, namely volunteer 18, while all other differences were largely group-driven.
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When analysis was repeated without volunteer 18, Escherichia-Shigella was indeed
non-significant (p=.292). In addition, the association with Barnesiella and Bilophila
persisted throughout the study (p=.074 and p=.072), Allisonella became more abundant
in the “lo” group throughout the entire study (p=.017) and Oscillibacter was more
abundant in the “lo” group (p=.012) from week zero to fourteen (Table S2). All analyses
were also performed at OTU level (Figure S4B+C and Table S2). These results confirm
that differences in relative abundance of taxa between the symptom groups were largely
group-driven, apart from Escherichia-Shigella.

Dominant Lo_GI_Symptoms | Hi_GI_Symptoms

Allisonella-

Barnesiella-

Bilophila -

Genus

Escherichia-Shigella-

Lachnospiraceae_ND3007_group -

week00 week04 week08 week14 week20
Timepoint

Figure S: Time intervals of significantly different bacterial genera between GI symptoms groups.
Each line interval represents a significant time interval, with significance being considered p<.05.
Orange lines indicate higher abundance in the “lo” GI symptoms group, while blue indicates
higher abundance in the “hi” GI symptoms group.

Discussion

Herewith we present the first longitudinal assessment of microbiota changes over the
course of an experimental N. americanus infection in healthy individuals. Although no
convincing relationship between microbiota and larval dosage was observed, stability
of the bacterial microbiota was linked to severity of clinical symptoms. In addition,
we found several statistically significant changes in relative abundance of individual
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bacterial taxa over time between symptom groups.

We found a very strong volunteer-specific clustering, despite a patent hookworm
infection. This corroborates previous findings showing that the gut microbiota is stable
over time in healthy adults at a compositional level?*?? and the previous assessment of
experimental hookworm infections in patients with celiac disease where minor changes
were detected over time.'¢

We detected an interesting link between microbiota stability from trial week eight to
twenty and clinical GI symptoms. Recovery of stability in the “hi” symptoms groups
leads us to believe that either volunteers with a more unstable microbiota in early weeks
post-infection are more likely to experience GI symptoms during the infection, or the GI
symptoms are caused by a more severe enteritis that also affects microbiota stability. The
latter hypothesis seems most likely whereby symptoms are caused by an eosinophilic
enteritis, with eosinophils having been described to correlate with severity of enteritis, 1%
and the enteritis may in turn affect the gut microbiota. Although cause and effect cannot
be determined, it does suggest an important bacterial-helminth-host interplay, which
deserves further investigation.

We observed increased richness over all volunteers during the established infection
phase. This is in line with previous studies which have mostly shown that individuals
with a parasitic infection show either equal or increased microbial richness and
diversity.! 1> 2* However, we cannot be fully certain this is an infection-induced effect,
as no “no-infection” control group was included in our study. It is unclear why alpha
diversity may increase during hookworm infection, although several hypotheses can
be formulated. Potentially, the immune regulatory effects of helminths might facilitate
increased bacterial microbiota richness and diversity.?> 2 On the other hand, expansion
of the current bacterial community could also be promoted. Another hypothesis is that
N. americanus affects the gut metabolome. While the effect of N. americanus infection
on the full gut metabolome has not yet been investigated in humans to our knowledge,
short chain fatty acid (SCFA) levels were measured in eight volunteers undergoing N.
americanus infection.?” Out of these eight volunteers, six showed an increase in total
fecal SCFA, while two showed a reduction.?’” Even though this suggests an effect of V.
americanus on the gut metabolome, this should be confirmed with a larger sample size.
We observed several changes in individual bacteria taxa between the GI symptoms
groups, although the biological relevance of these changes remains unclear. The
increased abundance of Barnesiella and the decreased abundance of Allisonella, a
histidine-consuming and histamine-producing taxon, in the “hi” symptoms group are
puzzling. While Barnesiella is associated with a healthy microbiota and beneficial
intestinal effects,?3! Allisonella and its metabolic product histamine are associated with
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increased GI symptoms.*>3* This would counterintuitively suggest that individuals with
a microbiota generally regarded as more beneficial respond more heavily to hookworm
invasion. The opposite holds true however for Bilophila, a taxon which thrives under
high-fat and animal-based diets.?* 3¢ It is associated with increased inflammation,
impaired intestinal barrier function and production of hydrogen sulfide.’>” Being more
abundant in the “hi” symptom group, this contradicts with the hypothesis that a more
beneficial microbiota responds more vigorously to hookworm invasion. All in all, the
relevance of these findings should be tested in larger groups and with more functional
techniques than 16S rRNA gene amplicon sequencing. In addition, answering this
hypothesis would require a clear definition of a ‘healthy or beneficial’ microbiota, a
phenomenon which is currently incompletely understood.

The current study had several strengths and limitations. During the study period, five
volunteers were prescribed antibiotics. While a clear effect of antibiotic usage was only
observed in volunteer 18, we cannot exclude that an effect occurred in other volunteers
and might have confounded our results. However, given the small sample size we
were unable to partial out any confounders (e.g. antibiotic use and diet) which is a
limitation of our study. It should be noted that investigating fecal material is probably
not reflective for local microbiota changes in the duodenum and ideally duodenal
biopsies would be taken, as was done previously by Giacomin et al.'” This would
however pose a sharply increased burden to volunteers. By using healthy volunteers,
the effects of N. americanus infection on the bacterial gut microbiota could be studied
without many external confounders. In addition, the longitudinal study setup allowed
us to investigate the dynamics of the bacterial gut ecosystem. Implementation of well-
controlled longitudinal studies were also recently described to be crucial for advancing
the microbiome field.’® * Future studies should include functional approaches (e.g.
coupling metagenomics with metabolomics) to obtain insight into potential changes
in microbial metabolism which could be a result of N. americanus infection. By using
positive and negative controls, we confirmed that we should investigate richness
and diversity both at OTU and genus level, and that our DNA extractions were well
performed, although minimal contamination may have occurred. The original clinical
trial reported the highest egg counts described in CHHI experiments in literature yet,
reaching egg counts similar to those seen in mild infection in endemic areas, allowing for
better comparison with natural infection.'® Although the groups in this controlled study
were small, the combination of infecting healthy volunteers with the highest infectious
as of yet and describing their bacterial gut microbiota longitudinally is unique.

In conclusion, this is the first study to investigate longitudinal changes in gut microbiota

during N. americanus infection in healthy individuals. We observed high stability of
the gut microbiota despite this infection over the twenty-week study period, although
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transient instability was observed in individuals with “hi” GI symptoms. These data
open new avenues for exploring helminth-bacterial interaction in the human intestine.

Materials and methods

Twenty-four healthy male and female volunteers aged 18-45 years were included in
a randomized controlled clinical trial investigating the effect of repeated infectious
dosages on hookworm egg excretion and variability as previously described.!® Volunteers
were dermally exposed with two week intervals to either one, two or three dosages of 50
infectious larvae, resulting in cumulative dosages of 50, 100 and 150 larvae respectively.
Study set-up was such that the 150 larvae group (C) received first infection at trial week
zero, the 100 larvae group (B) at trial week two and the 50 larvae group (A) at trial week
four. Volunteers were allocated equally to one of three groups at random according
to an independently prepared randomization list. Group allocation was defined by the
randomization number which was linked to the volunteer identification code at the first
infection. Investigators and participants were blinded to group allocation. A schematic
overview of study setup can be found in Figure 2.

Culture of larvae and procedure of infection was performed according to a previously
described method.*° In short, infective L3 larvae were cultured from feces from a chronic
donor, were suspended in water and applied on upper arms and calves using gauzes.
Volunteers were followed for twenty weeks after first exposure, after which treatment
with albendazole was given to eradicate the infection. Volunteers visited the trial center
weekly for collection of adverse events, safety laboratory evaluation and collection of
fecal samples for egg count. Adverse events were collected at weekly visits. For every
adverse event, time and date of onset, end, severity and causality was recorded. Adverse
events were characterised using ICD-10 as unrelated, unlikely, possibly, probably or
definitely related to hookworm infection, and mild (no interference with daily life),
moderate (discomfort interfering with daily life) or severe (causing inability to perform
usual daily activity). Adverse events were then assessed by two independent physicians
who divided the participants in two groups with ‘hi’ and ‘lo’ adverse events. Originally,
twelve volunteers were classified in the “hi” category. All volunteers with severe
adverse events were placed in the “hi” category, together with two volunteers who did
not have severe adverse events but moderate adverse events of long duration (Table
S1). Consensus was reached for every participant. Unfortunately three participants in
the “hi” group withdrew early from the trial due to severe abdominal adverse events
and insufficient follow-up fecal samples were collected to include these participants in
the microbiome analysis. For analysis, adverse events scored as possibly, probably and
definitively related were considered related and were included in the symptom grouping.
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Duration of adverse events was recorded. Detailed information on adverse events for
each volunteer can be found in Table S1. Samples for analysis of fecal microbiota were
collected at baseline and trial weeks four, eight, fourteen and twenty of the trial. For
analysis of the relation between clinical symptoms and fecal microbiota, gastrointestinal
symptoms were categorized as either “hi” or “lo”. "Fecal egg counts were measured
by microscopy using Kato-Katz. Eosinophils were measured weekly and egg counts
were measured weekly from trial week five using Kato Katz microscopy. The trial was
approved by the LUMC IRB (P17.224) and was registered at clinicaltrials.gov under
NCT03257072.

Microbiota analysis

Fecal samples were aliquoted and immediately stored at -80°C. DNA was extracted
from 0.1 gram feces using the Quick-DNA™ Fecal/Soil Microbe Miniprep Kit
(ZymoResearch, CA, USA) according to manufacturer instructions with minor
adaptations, as described previously.*' Quality control, library preparation and
sequencing were performed by GenomeScan B.V. (Leiden, The Netherlands) using the
NEXTflex™ 16S V4 Amplicon-Seq Kit (BiooScientific, TX, USA) and the Illumina
NovaSeq6000 platform (paired-end, 150bp). Raw read processing was performed
using the NG-Tax 0.4 pipeline with following settings: forward read length of 120,
reverse read length of 120, ratio OTU abundance of 2.0, classify ratio of 0.9, minimum
threshold of 1*107, identity level of 100% and error correction of 98.5, using the
Silva 132 SSU Ref database.*'** The obtained OTU table was filtered for OTUs with
less than 0.005% relative abundance.* As quality controls for both DNA extraction
and sequencing, we included ZymoBiomics Microbial Community Standard, (Zymo
Research, Irvine, California, USA) ZymoBiomics Microbial Community DNA Standard
(Zymo Research) and three negative DNA extraction controls. Raw sequencing data is
available at ENA (https://www.ebi.ac.uk/ena) under accession number PRJEB36316.
All analytical R code will be uploaded to GitHub upon acceptance of this manuscript.

Statistical analysis

All analyses were performed in R (v3.6.1) using the packages phyloseq (v1.28.0),
microbiome (v1.6.0), Metalonda (v1.1.5), DESeq2 (v1.24.0), Ime4 (1.1-21), ImerTest
(v3.1-0).45° Richness and diversity were computed at OTU and genus level, as richness
was found to be overestimated based at OTU level in the positive controls. Genus level
was obtained by agglomerating OTUs at genus level. Bray-Curtis and Jaccard indices
were computed at genus level. Bray-Curtis and Jaccard indices were computed intra-
individually, using trial week zero as the baseline measurement. As Bray-Curtis and
Jaccard indices are dissimilarity indices, we computed 1- respective index to obtain
similarity, where a value of 1 represents 100% similarity. For alpha diversity and
stability measures, data was split into an “acute infection phase” (trial week zero to
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eight) when most symptoms occurred and an “established infection phase”(trial week
eight to twenty) when symptoms subsided. To test for differences in these parameters,
normality was tested using Shapiro-Wilk test and variance was tested using an F-test.
Subsequently, depending on outcome of the normality and variance test, independent
t-tests, Welch t-tests, paired t-tests, Mann-Whitney U tests and Wilcoxon signed-rank
tests were performed.. Clustering using t-Distributed Stochastic Neighbor Embedding
(t-SNE) method was performed using the tsne phyloseq function with default
parameters.’! t-SNE aims to preserve the local structure of the original high-dimensional
space while projecting the data points in a low dimensional (2D) space. All Figure were
created in R and only minimally formatted in Adobe Illustrator when necessary.

Correlation analysis

We used Spearman’s Rank correlation to examine the relationship between eosinophil
count and microbiota stability. Microbiota stability was defined in the same manner
as previously, with Bray-Curtis and Jaccard indices computed intra-individually, using
trial week zero as the baseline measurement. As both indices are dissimilarity indices,
1- respective index was computed to obtain similarity. Eosinophil count was measured
weekly, and therefore each individual at each time point had a measured eosinophil
count. Timepoints were stratified to account for the repeated measurements design. In
order to avoid skewing of the correlation by baseline data, at which point eosinophils
were low and microbiota was 100% similar due to baseline to baseline comparison, this
timepoint was excluded.

Linear Mixed Models

We performed linear mixed modelling (LMM) using the Imer function from the Ime4
package® for alpha diversity and both stability indices from trial week eight until week
twenty, as all groups had established infection in the gut from trial week eight onwards.
Volunteer ID was included as a random intercept to control for inter-individual baseline
differences and repeated measurements design. Included fixed effects were dosage
group/symptom group and timepoints. In case an interaction effect was suspected by
visually inspecting plots, an additional interaction model was also performed with
dosage group/symptom group*timepoint. Models were checked by inspecting whether
residuals were normally distributed using qg-plots. P-values were obtained using the
ImerTest package and considered significant when < 0.05.%°

Time series modelling of individual taxa

Differential abundance testing was performed at genus and OTU level. The metagenomic
longitudinal differential abundance method (MetaLonDA) package was used to identify
differentially abundant taxa between groups over time.* It is a flexible method capable
of handling inconsistencies often observed in human microbiome studies and relies
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on two main modelling components, the negative binomial distribution for modelling
read counts and smoothing spline ANOVA for modelling longitudinal profiles. The
function metalondaAll was used with the following settings: n.perm=1000, fit.
method="nbinomial”, num.intervals=4, pvalue.treshold=0.05, adjust.method="BH”,
norm.method="median_ratio”. These settings indicate that the function was run with
1000 permutations using the median ratio method to normalize count data and fitting
a negative binomial distribution. Four intervals were included (between each included
trial week) and p-values were corrected using the Benjamini-Hochberg procedure.
DESeq2 was used to establish an overall time effect across all volunteers using the
likelihood-ratio-test (full model included volunteer ID and timepoint, reduced model
included volunteer ID) and for identifying differentially abundant taxa in pair-wise
comparisons.*® Prior to the use of both MetaLonDA and DESeq2, genera and OTUs
were filtered for presence in at least 25% of all samples. Relevant tests performed are
indicated in all Figures and in the text.

Notes
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CHAPTER 8

Abstract

Background

Nursing homes residents have increased rates of intestinal colonisation with multidrug-
resistant organisms (MDROs). We assessed the colonisation and spread of MDROs among
this population, determined clinical risk factors for MDRO colonisation and investigated
the role of the gut microbiota in providing colonisation resistance against MDROs.

Methods

We conducted a prospective cohort study in a Dutch nursing home. Demographical,
epidemiological and clinical data were collected at four time points with two-month
intervals (October 2016 - April 2017). To obtain longitudinal data, residents (n=27)
were selected if they provided faeces at two or more time points. Ultimately, twenty-
seven residents were included in the study and 93 faecal samples were analysed, of
which 27 (29.0%) were MDRO-positive. Twelve residents (44.4%) were colonised with
an MDRO at at least one time point throughout the six-month study.

Results

Univariable generalised estimating equation logistic regression indicated that antibiotic
use in the previous two months and hospital admittance in the previous year were
associated with MDRO colonisation. Characterisation of MDRO isolates through
whole genome sequencing revealed Escherichia coli sequence type (ST)131 to be the
most prevalent MDRO and ward-specific clusters of E. coli ST131 were identified.
Microbiota analysis by 16S rRNA gene amplicon sequencing revealed no differences
in alpha or beta-diversity between MDRO-positive and negative samples, nor between
residents who were ever or never colonised. Three bacterial taxa (Dorea, Atopobiaceae
and Lachnospiraceae ND3007 group) were more abundant in residents never colonised
with an MDRO throughout the six-month study. An unexpectedly high abundance of
Bifidobacterium was observed in several residents. Further investigation of a subset of
samples with metagenomics showed that various Bifidobacterium species were highly
abundant, of which B. longum strains remained identical within residents over time, but
were different between residents.

Conclusions

Our study provides new evidence for the role of the gut microbiota in colonisation
resistance against MDROs in the elderly living in a nursing home setting. Dorea,
Atopobiaceae and Lachnospiraceae ND3007 group may be associated with protection
against MDRO colonisation. Furthermore, we report a uniquely high abundance of
several Bifidobacterium species in multiple residents and excluded the possibility that
this was due to probiotic supplementation.
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Background

Infections caused by multidrug-resistant organisms (MDROs) are a rising threat to
global health and caused ~33,000 attributable deaths in Europe in 2015®. Infections with
MDROs are usually preceded by asymptomatic gut colonisation, and asymptomatically
colonised individuals represent a potential transmission reservoir ®. Nursing home
residents are at increased risk for MDRO colonisation due to comorbidities resulting
in increased healthcare contact and antibiotic use ®. In addition, MDRO spread
within a nursing home can be facilitated due to communal living, confined living
space and incontinence of residents * . This is similar to the transmission dynamics
of Clostridioides difficile. The prevalence of MDROs and C. difficile varies between
nursing homes from different countries, but large differences in prevalence can also be
observed between different institutions in one country. For example, MDRO prevalence
ranges from 0 to 47% in various nursing homes in the Netherlands ¢ and from 0 to 75%
in Ireland ©. C. difficile colonisation prevalence ranges from 0 to 17% in Dutch nursing
homes @19, and from 0 to 10% in Germany V. These differences may reflect variation
in individual nursing home infection prevention and control practices, antimicrobial
stewardship, infrastructure, care load and presence of MDRO risk factors such as
incontinence, recent hospitalisation and current antibiotic use. Colonisation resistance
provided by the gut microbiome could contribute to preventing MDRO colonisation
in the gut. The gut microbiome can provide colonisation resistance through secretion
of antimicrobial products, nutrient competition, support of epithelial barrier integrity,
bacteriophage deployment, and immune activation. However, current knowledge on the
link between the microbiome and MDRO colonisation is limited > ', In travellers, an
increase of antimicrobial resistance genes and Escherichia coli relative abundance in the
microbiome were observed after acquisition and asymptomatic carriage of Extended-
spectrum beta-lactamase (ESBL)-producing E. coli, but without clear differences
in microbial community structure . An exception to the understudied role of the
microbiome in MDRO colonisation is vancomycin-resistant Enteroccocus (VRE). For
example, it has recently been demonstrated that a lantibiotic-producer, in this case
Blautia producta, could restore colonisation resistance against VRE (),

To determine the prevalence and spread of MDROs in a Dutch nursing home, and to
elucidate the role of the gut microbiota and clinical risk factors herein, we conducted a
four-point-prevalence study and analysed clinical data of residents and whole-genome
sequencing (WGS) data of MDRO isolates, in combination with gut microbiota analysis
through 16S rRNA gene amplicon sequencing. In addition, we conducted more in-depth
microbiota analysis in a selection of samples through metagenomics in order to further
investigate findings from 16S rRNA gene amplicon analysis.
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Methods

Study design

We conducted a prospective cohort study in which residents of a nursing home in the
Netherlands were invited to participate. The prevalence, dynamics and risk factors
of MDRO colonisation were studied in a non-outbreak situation. Demographical,
epidemiological and clinical data of four time points with a two-month interval (October
2016 until April 2017) were collected. Microbiota analysis was performed on stool
samples collected at the same four time points. Written informed consent was obtained
from the resident or corresponding proxy. Ethical approval was granted by the medical
ethics committee of the Leiden University Medical Center (No.P16.039). Sixty-four
of 131 residents (49%) consented to participate. Data and corresponding faeces was
collected from 60 residents (94%). To make optimal use of the longitudinal data from this
study, residents were selected that provided faeces at at least two time points (n=47). For
this study, we included residents who gave consent for additional analyses, from whom
faeces was cultured for MDROs at at least two time points, and of which sufficient
material was left for microbiota profiling at at least two time points (n=27 residents).
The prevalence of MDRO was not statistically significant between the residents selected
for microbiota analysis (12/27 residents and 27/93 time points) and those not selected
(10/30 residents and 12/61 timepoints) (Chi-squared test, p=0.26).

Data and faeces collection

The nursing home consisted of 131 beds divided over eight wards of various sizes (12-35
beds). The wards had single en-suite rooms, except for three double rooms for couples.
All wards had a separate dining area where freshly prepared meals were served daily and
residents did not receive a specific diet or probiotics. In addition, the nursing home had a
large communal recreation and shared physiotherapy area. Nursing staff was dedicated
to specific wards, but occasionally staff cross-covered wards. For each consenting
resident, socio-demographic and the following MDRO risk factor data were collected
at each of the four time point using standardised ECDC definitions: care load indicators
(disorientation, mobility, incontinence), hospitalisation in the previous six months,
antibiotics (concomitant and in the previous six months), comorbidities, presence of an
indwelling urinary catheter or wounds, history of past MDRO colonisation.

In addition, instructed caring staff collected fresh faeces on the four time points and
subsequently stored the samples at 4°C. Samples were transported within 72 hours to the

laboratory (Leiden University Medical Center).

MDRO detection
Faecal samples were examined for multi-drug resistant bacteria by culturing within 8
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hours after arrival at the laboratory and the faeces and cultured MDROs were subsequently
stored at -20°C®. Based on national reccommendations'?, the following micro-organisms
were considered to be an MDRO: ESBL-producing Enterobacterales,; Enterobacterales
and Acinetobacter spp. resistant to both fluoroquinolones and aminoglycosides or
carbapenemase-producing; carbapenemase-producing Pseudomonas aeruginosa, P.
aeruginosa resistant to at least three of the following antibiotic classes: fluoroquinolones,
aminoglycosides, ceftazidime and/or piperacillin; trimethoprim/sulfamethoxazole-
resistant Stenotrophomonas maltophilia; or vancomycin resistant enterococci (VRE).
Faecal samples were enriched in 15ml of Tryptic Soy Broth (TSB) and incubated for
18 hours at 35°C prior to plating on ChromID ESBL, ChromID VRE and MacConkey
tobramycin agars (BioMérieux, Marcy I’Etiole, France) for 48 hours at 35°C ©. The
twenty samples of the first time-point were re-cultured two years after sampling, as
these samples were initially enriched with TSB containing 8mg/L vancomycin and 0.25
mg/L cefotaxime. The samples were stored in -20°C with glycerol. All morphological
different aerobic Gram-negative bacteria and enterococci were identified by the BD
Bruker matrix-assisted laser desorption ionisation-time of flight (MALDI-TOF) Biotyper
(Microflex, Bruker Daltonics, Bremen, Germany). Phenotypic antibiotic susceptibility
testing was performed with the VITEK2 system (card N199, BioMérieux) using the
European Committee of Antimicrobial Susceptibility Testing (EUCAST) breakpoints
(18 ESBL production was confirmed by a double disk method 1. In addition, the faecal
samples were screened for the presence of carbapenemase-producing Gram negative
bacteria 1. The minimum inhibitory concentration (MIC) of Enterobacterales with a
meropenem MIC > 0.25 mg/L was confirmed with an antibiotic gradient strip method
(Etest, BioMérieux). Strains with an MIC > 0.25 mg/L were further investigated by an
in-house multiplex PCR to detect the most frequently found carbapenemase genes (KPC,
VIM, NDM, OXA-48 and IMP). Additionally, Clostridioides difficile was cultured and
characterised as previously described ?°.

Risk factor analysis

Data from 27 nursing home residents (93 samples in total) were included for risk factor
analysis. All analyses compared all MDRO-positive samples with all MDRO-negative
samples, as extensive metadata was collected at each time point for each individual
resident. To account for the repeated measurements design, generalised estimating
equations (GEE) logistic regressions (using the geeglm() function in the geepack
package) were performed with Resident number as cluster @Y. To identify clinical
factors associated with MDRO colonisation, univariable GEE logistic regression was
performed using variables for which ten or more ‘events’ were recorded, as previously
recommended for logistic regression ??. Factors with a p-value < 0.05 were included in
multivariable GEE logistic regression analysis, as well as non-significant factors that
were considered likely to influence MDRO colonisation risk based on expert opinion and
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literature review. These factors were sex and current use of a urinary catheter. Lastly, we
inspected possible multicollinearity between the variables included in the multivariable
GEE logistic regression by computing variance inflation factors. While opinions differ
on when a variance inflation factor can be considered considerable, we used the stringent
variance inflation factor value of 2.5 here, as previously recommended, to obtain insight
in possible multicollinearity 3.

Whole-genome sequencing of bacterial isolates and data processing

WGS analysis to characterise MDRO isolates was done at GenomeScan B.V. (Leiden,
the Netherlands). Genome sequences were determined using the Illumina HiSeq 4000
platform (Illumina, San Diego, CA, USA) from DNA prepared by the QIAsymphony
DSP Virus/Pathogen Midi Kit (Qiagen, Hilden, Germany) at Leiden University Medical
Center following manufacturer’s recommendations. Sequence libraries were prepared
using NEBNext® Ultra™ II DNA Library Prep Kit for 150 bp paired-end sequencing.

Sequencing quality was evaluated with FastQC (version 0.11.8) @ and MultiQC (version
1.7) @». Reads were assembled using a hybrid assembly strategy, starting with SKESA
(version 2.3.0) @® using default parameters for paired-end reads, followed by SPAdes
(version 3.13.1) ®P using default parameters while providing SKESA’s contigs with the
‘--untrusted-contigs’ parameter. Assembly quality and length were checked after each
step using QUAST (version 5.0.2) @), The scaffolds produced by SPAdes were used for
subsequent analyses.

To evaluate assembly quality, all scaffolds were blasted (megablast version 2.9.0,
parameters ‘-evalue le-10” and ‘-num_alignments 50”) ?% 3% against the NCBI BLAST
nt database (from July 13 2017) and taxonomically classified using the Lowest Common
Ancestor algorithm implemented in Krona ktClassifyBLAST (version 2.7.1) GV,
Scaffolds classified as eukaryote were removed from further analysis. The remaining
non-eukaryotic scaffolds were screened for the presence of antibiotic resistance genes
using staramr (version 0.5.1, https://github.com/phac-nml/staramr) and ABRicate (version

0.8.13, https:/github.com/tseemann/abricate) against the ResFinder database (from May
21 2019) . The same scaffolds were also subjected to in silico multi-locus sequence
typing (MLST) and core-genome MLST using SeqSphere (version 6.0.2, Ridom GmbH,
Miinster, Germany) ©* to determine Warwick sequence types (ST) and pairwise allele
distances using the built-in E. coli scheme. Next, a pangenome analysis was conducted
on the scaffolds using Roary (version 3.12.0) (34), for which the scaffolds were annotated
using Prokka (version 1.13.4) ®9, Finally, a maximum-likelihood phylogenetic analysis
was generated with IQTree (version 1.6.10, parameters ‘-b 500” and ‘-m MFP’ for 500
bootstrap replicates and automatic model selection) ¢® on the multiple sequence alignment
of the core genomes generated by Roary. The selected phylogenetic model based on the
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best Bayesian Information Criterion score was GTR+F+R2.
All tools were run with default parameters unless stated otherwise.

DNA extraction for gut microbiota analyses

DNA was extracted from 0.1 gram faeces (n = 93 samples) using the Quick-DNA™
Fecal/Soil Microbe Miniprep Kit (ZymoResearch, CA, USA) according to manufacturer
instructions with minor adaptations, as described previously ¢”. Beads were a mix
of 0.1 and 0.5 mm size, and bead-beating was performed using a Precellys 24 tissue
homogeniser (Bertin Technologies, France) at 5.5m/s for three times one minute with
short intervals.

16S rRNA gene amplicon sequencing

Quality control, library preparation and sequencing were performed by GenomeScan
B.V. (Leiden, The Netherlands) using the NEXTflex™ 16S V4 Amplicon-Seq Kit
(BiooScientific, TX, USA) and the Illumina NovaSeq6000 platform (paired-end,
150bp). Raw reads were processed using the NG-Tax 0.4 pipeline with following
settings: forward read length of 120, reverse read length of 120, ratio OTU abundance
of 2.0, classify ratio of 0.9, minimum threshold of 1*107, identity level of 100% and
error correction of 98.5, using the Silva 132 SSU Ref database %39, Since a 100%
identity level was used, amplicon sequence variants (ASVs) were obtained. The obtained
ASV table was filtered for ASVs with less than 0.005% relative abundance “°. Three
ZymoBiomics Microbial Community Standards (Zymo Research, Irvine, California,
USA), two ZymoBiomics Microbial Community DNA Standards (Zymo Research) and
three negative DNA extraction controls were included as positive and negative controls
for DNA extraction and sequencing procedures.

Metagenomic sequencing

Ten faecal samples (two samples from five residents) and two positive controls were
selected for metagenomic shotgun sequencing. Quality control, library preparation and
sequencing were performed by GenomeScan B.V. (Leiden, The Netherlands) using
the NEBNext® Ultra™ II FS DNA Library Prep Kit (New England Biolabs, Ipswich,
Massachusetts, USA) and the Illumina NovaSeq6000 platform (paired-end, 150bp).
Raw shotgun sequencing reads were processed using the NGLess (v1.0.1) language and
accompanying tools “*». NGLess is a domain specific language especially designed for
processing raw sequence data and designed for enabling user-friendly computational
reproducibility. Pre-processing of raw data was performed as previously described “. In
short, raw sequence data was first pre-processed by performing quality-based trimming
and reads with quality value below 25 were discarded, followed by discarding reads
shorter than 45 bp. Second, reads were aligned to the human genome (hg19 reference)
and discarded if reads mapped with more than 90% sequence identity and an alignment
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length of at least 45 bp. Third, taxonomic profiling was performed using the mOTUs2
(v2.5.1) tool using default parameters as previously described “. This profiler is based
on ten household, universal, single-copy marker gene families and profiles bacterial
species both with (ref-mOTUs) and without (meta-mOTUs) a sequenced reference
genome. A relative abundance table was obtained as output.

Next to the read-based analysis described above, we used an assembly-based analysis
pipeline, Jovian (version v0.9.6.1) “®. In short, the pipeline checks read quality, trims
low-quality reads, removes reads derived from the host organism (human) and de novo
assembles reads into scaffolds which are then taxonomically classified and quantified.
These classifications were used to support the read-based results and scaffolds of
selected species were compared to one another using pyANI (version 0.2.10) to calculate
pairwise average nucleotide identities “7.

Positive and negative controls for gut microbiota profiling

Included controls indicate good DNA extraction and sequencing performance

An average of 24,095 reads (range 4,841-68,057, median 22,775 reads) was generated
per sample for 16S rRNA gene amplicon sequencing (total n=93), resulting in 1042
ASVs after filtering on 0.005% abundance. Both positive DNA sequencing controls
(n=2) were highly similar to theoretical expectations (average fold change 1.11), while
DNA extraction controls (n=3) were somewhat less similar to theoretical expectation
(average fold change 1.81). One DNA extraction control showed a lower than expected
abundance (~12 fold) of Staphylococcus for unknown reasons (Additional file 1: Fig
S1A). Of the three included negative extraction controls, two did not contain any
reads post-filtering and one negative control contained 21 reads, mostly from known
contaminants such as Delftia and Streptococcus, as previously observed ¢7.

For metagenomic sequencing, the DNA extraction control and sequencing control
closely matched theoretical profiles and eight mOTUs were identified, apart from a
small fraction of unassigned reads (Additional file 1: Fig S1B).

Statistical analysis and visualisations

Analyses and visualisations were performed in R (v3.6.1), using the following packages:
phyloseq (v1.28.0), microbiome (v1.6.0), Metalonda (v1.1.5), DESeq2 (v1.24.0),
tidyverse packages (v1.2.1), pheatmap (v1.0.12) and ggplot2 (v3.2.0) -39,

Community composition analysis

Permutational multivariate analysis of variance (PERMANOVA) using Bray-Curtis
dissimilarity was performed to test for differences in overall community composition.
Prior to employing PERMANOVA testing, it was tested whether groups had homogenous
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dispersions (homoscedasticity) using the betadisper function, as violation of this
statistical assumption can lead to erroneous conclusions regarding PERMANOVA
results. No heteroscedasticity was observed between groups. To account for the repeated
measurements design, we used ‘strata=Resident number’. Principal coordinates analysis
(PCoA) based on Bray-Curtis dissimilarity were made and 95% confidence intervals
were computed using the stat ellipse function. Alpha diversity indices (observed
ASVs/ observed genera and Shannon index) were compared using independent t-tests
or Wilcoxon rank sum tests. For calculating intraindividual stability, Bray-Curtis
dissimilarities between all samples of a resident were calculated, and this was averaged
to obtain a mean stability per resident.

Differential abundance analysis

Differential abundance analysis between groups (MDRO-positive samples versus
MDRO-negative samples was performed at genus level using DESeq2 and stratified
per time point. Genera had to be present in at least 25% of samples to be included
in the analysis. To correct for false discovery rate, p-values were corrected using the
Benjamini-Hochberg procedure. Considering the low number of MDRO-positive
samples per time point, adjusted p-values < 0.1 were included in visualisation of results.

Time series modelling of alpha diversity

Linear mixed models were applied to investigate the changes in alpha diversity over time
between the ever colonised versus never colonised groups using the Ime4 and ImerTest
packages ©3%9, Ever colonised was defined as having an MDRO-positive sample at at
least one time point during the study, while never colonised was defined as having no
MDRO-positive sample during the study. Resident number was included as a random
intercept to control for inter-individual baseline differences and repeated measurements
design. The included fixed effect was the interaction between ‘ever colonised’ and
timepoint (‘ever colonised’*timepoint). Models were inspected for normally distributed
residuals using qq-plots and p-values <0.05 were considered significant.

Time series modelling of individual taxa

To identify temporal trends in differential abundance of bacterial genera, the
metagenomic longitudinal differential abundance method (MetaLonDA) package
was used ®”. Only residents with at least three available gut microbiota samples
were included in this analysis (n=24 residents). Genera had to be present in at least
25% of samples to be included in the analysis. MetaLonDA is capable of handling
inconsistencies often observed in human microbiome studies (e.g. missing samples)
and relies on two main modelling components, the negative binomial distribution
for modelling read counts and smoothing spline ANOVA for modelling longitudinal
profiles. The function metalondaAll was used with the following settings: n.perm=1000,
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fit. method="nbinomial”, num.intervals=3, pvalue.treshold=0.05, adjust.method="BH”,
norm.method="median_ratio”. These settings indicate that the function was run with
1000 permutations using the median ratio method to normalise count data and fitting a
negative binomial distribution. P-values were corrected using the Benjamini-Hochberg
procedure.

Results

Clinical risk factor analysis for MDRO colonisation

MDRO colonisation among nursing home residents is highly prevalent and dynamic
over time

Of the 27 included residents, twelve (44.4%) were colonised by an MDRO at at least one
time point; four (33.3%) were colonised at one time point and eight residents (66.7%) at
more than one time point during the six-month study (Fig 1). Of the 93 faecal samples,
27 (29.0%) contained an MDRO. Fourteen samples (15.1% of all samples) from six
different residents (22.2% of all residents) were positive for ESBL-producing bacteria,
of which ten were E. coli, three Enterobacter cloacae and one Citrobacter non-koseri.
The remaining thirteen MDRO isolates (14.0% of all samples) were both fluoroquinolone
and aminoglycoside resistant E. coli. No carbapenemase-producing Gram negative
bacteria, VRE and Clostridioides difficile were cultured. As MDROs in the current study
are exclusively MDR Enterobacterales, we refer to MDR Enterobacterales as MDROs
from here onwards.

Clinical risk factors are only associated with MDRO colonisation in univariable analysis
Analysis of MDRO-status of faecal samples and clinical data using univariable GEE
logistic regression showed several factors related to an increased risk of MDRO
colonisation, including bone fracture in medical history (p=0.031, odds ratio (OR) 4.39,
95% confidence interval (CI) 1.14-16.95), antibiotic use in the past two months (p=0.039,
OR 3.06, 95% CI 1.06-8.85) and hospital admittance in the last year (p=0.043, OR 4.95,
95% CI 1.05-23.34). Based on expert opinion, we further included sex and present use
of urinary catheter as variables in multivariable GEE logistic regression. After including
all variables in a multivariable GEE logistic regression only antibiotic use in the past
two months displayed a trend (p=0.088, OR 2.84, 95% CI 0.85-9.49), while hospital
admittance in the past year (p=0.13, OR 3.78, 95% CI 0.69-20.70) and bone fracture in
medical history (p=0.35, OR 1.95, 95% CI 0.48-8.00) became non-significant. Lastly,
multicollinearity between the included variables was assessed by computing variance
inflation factors, but no considerable collinearity was observed (variance inflation
factors for all variables < 2).
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Figure 1: Overview of MDRO status for all samples of each resident over time. Blue colour
indicates a negative MDRO culture, while red indicates a positive MDRO culture. Prevalence
per time point is shown in percentage. Resident numbers are preceded by either ‘R’ or ‘L’, these
letters indicate two physically separated buildings.

WGS of bacterial isolates

As most isolated MDRO strains were E. coli strains (22/27, 81.5%), we focused our
analyses on this species. The 22 isolates were derived from 11 residents and were
analysed by whole-genome analysis, including maximum likelihood phylogeny of core
genes, accessory genome clustering, core-genome MLST and profiling of antibiotic
resistance genes.

Genome-based clustering reveals a ward-specific E. coli ST131 strain

Based on pangenome analysis we identified core and accessory (non-core) genes, of which
the accessory genes (5,057) were selected for clustering. Clustering based on presence/
absence of these accessory genes showed a clear cluster of ST131 strains (Fig 2). Within
the ST131 cluster, two separate clusters could be observed, one closely related cluster of
twelve isolates belonging to three residents on ward A, and one cluster of four less related
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isolates from four residents of four different wards. The isolates of three residents on ward
A (R002, R003 and R004) have nearly identical accessory genes, suggesting that they were
colonised with the same strain. In addition, these isolates have a nearly identical accessory
genome over time, suggesting persistent colonisation of the same strain. Clustering based
on the maximum likelihood phylogeny of core genes also resulted in a clear clustering of
ST131 strains (data not shown). In addition, while the differences are smaller than in the
accessory genome, ST131 strains from ward A still cluster apart from ST131 strains from
other wards. Lastly, a core-genome MLST confirms clustering of ST131 strains on ward
A (with up to two alleles difference) and shows that ST131 isolates from other wards are
different (with more than 30 alleles difference) (Additional file 1: Fig S2). These results

support the hypothesis that an ST131 strain was spread across ward A.

Gene presence and absence clustering in E. coli strains (5057 non-core genes)

2v0
800 ‘

o o
5 Q@
®

g

Figure 2: Overview of the accessory genome (non-core genes) of the 22 E. coli strains from
eleven residents at different time points. Accessory genes are clustered based on the average
linkage method using Euclidean distances. All (n=17) ST131 isolates cluster together, while
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the other STs form a separate cluster. In addition, ST131 from ward A cluster together and are
different from ST131 from other wards. The y-axis displays accessory genes and the x-axis isolate
numbers. Black bars indicate presence and white bars absence of a gene.

Specific resistance genes are exclusive to certain wards
Next, the prevalence of antibiotic resistance genes was determined. Based on resistance
gene absence/presence in the genome, ST131 largely clustered together (Fig 3), and

isolates belonging to ST131, 847 and 2786 from ward F clustered together, and these
three strains (from two residents) contained the rifampicin resistance gene arr-3, which
was not detected in other strains.

Antimicrobial genes in E. coli strains
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Figure 3: Heatmap of antibiotic resistance genes in the 22 E. coli isolates from eleven residents
at different time points. Black boxes indicate presence of resistance gene, while white indicates
absence of the resistance gene. Antibiotic resistance gene profiles are clustered by hierarchical
clustering using Euclidian distances. Resident number, time, ward and time point are given as
coloured annotations.
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Gut microbiota analysis using 16S rRNA gene amplicon sequencing

A distinct gut microbiota between MDRO-positive and negative samples

First, alpha diversity (using observed ASVs/genera and Shannon index) was computed
at both ASV and genus level to compare MDRO-positive with MDRO-negative
samples. To account for repeated measures, we stratified these alpha diversity
analyses by time point. No significant differences in alpha diversities at either level
at any time point were observed (Additional file 1: Fig S3). Beta diversity was also
not significantly different between these samples (p=0.12 and R?>=0.049) (Fig 4A). To
identify individual bacterial taxa associated with MDRO status, differential abundance
analysis was performed using DESeq2 at each time point. Several taxa were more
abundant in MDRO-negative samples on multiple timepoints, namely Atopobiaceae,
Coprococcus_3, Dorea, Enorma, Holdemanella, Lachnospiraceae, Lachnospiraceae
ND3007 group, Phascolarctobacterium and Ruminococceae UCG-014 (Additional
file 1: Fig S4, Additional file 2: Table S1). Only three taxa (Erysipelatoclostridium,
uncultured Coriobacteriales and uncultured Ruminococcaceae were more abundant in
MDRO-positive samples at any time point.

MDRO colonisation is associated with consistent differences in relative abundance of
specific bacterial taxa

Residents and their samples were further classified on having been MDRO-colonised
at at least one time point during the study (ever, n=45 samples) or not (never, n=48
samples). There were no difference in alpha diversities over time between the groups
(Additional file 1: Fig S5), nor in beta diversity (intra-individual stability) between the
ever and never colonised group (independent t-test, p = 0.2) (Fig 4B).

Longitudinal differential abundance analysis between samples from ‘ever’ versus
‘never’ MDRO-colonised residents was performed to investigate whether differences
in relative abundance were consistent over time. From each resident, at least three out
of four samples should have been available to be included in this analysis, resulting
in 45 samples from ever colonised residents and 42 samples from never colonised
residents. Three taxa (Atopobiaceae, Dorea and Lachnospiraceae ND3007 group)
were consistently more abundant in ‘never’ colonised residents throughout the six
months study period (Fig 5, Additional file 1: Fig S6). These taxa were also identified to
be more abundant in MDRO-negative samples compared to MDRO-positive samples at
two time points (Additional file 1: Fig S4).
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Figure 4: Bray-Curtis distance measures visualised by principle coordinates analysis (PCoA) for
all (n=93) faecal samples based on whether an MDRO was cultured (A) and by mean intraindividual
stability (1 - Bray-Curtis dissimilarity) between ‘ever’ and ‘never’ colonised residents (B). Each
dot in the plot represents a single sample, and ellipses indicate 95% confidence intervals.
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(n=15) MDRO colonised residents. Each line interval represents a significant time interval, with
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significance being considered p<0.05. Orange lines indicate higher abundance in the never colonised
group, while blue indicates higher abundance in the ever colonised group. If no coloured line is
observed, the respective genus is not significantly differentially abundant between specific time points.

Lastly, we looked for intra-individual changes in pairs of samples of residents who
either became MDRO colonised or were MDRO decolonised during the study period.
For this, samples were analysed of an MDRO negative sample prior to an MDRO
positive sample (n=8 residents), and vice versa; an MDRO positive sample followed by
an MDRO negative sample (n=6 residents). Resident L10 could be included twice in the
first comparison, but to avoid excessive impact of this resident on statistical analysis,
it was included once. We then performed paired analyses for each of the two groups.
However, no differences in alpha or beta diversity were observed, nor were any genera
differentially abundant in any of the comparisons (data not shown).

Compositional profiles show very high abundance of Actinobacteria members
Bifidobacterium and Collinsella

Next, we investigated the global microbiota profiles across all residents without a focus
on MDRO colonisation. Compositional profiles at phylum and family level showed that
the most abundant phylum in multiple residents was Actinobacteria (Fig 6A), which is in
contrast to what is considered a ‘normal’ gut microbiota that generally consists of ~90%
Firmicutes and Bacteroidetes. Bifidobacterium and Collinsella were the Actinobacteria
members with highest relative abundance (Fig 6B).

Metagenome analysis using shotgun sequencing data of ten faecal samples

Not a single species, but several Bifidobacterium species are highly abundant in
residents

The nursing home did not provide probiotics to their residents. However, the high
abundance of Bifidobacterium in the residents’ stools suggested otherwise. Ten stool
samples from five residents with high Bifidobacterium and/or Collinsella relative
abundance were further investigated by shotgun metagenomic sequencing, and two
positive controls were included. The high relative abundance of Bifidobacterium and
Collinsella could be confirmed and residents were colonised by seven highly abundant
Bifidobacterium species, namely B. adolescentis, B. angulatum, B. bifidium, B. breve,
B. longum, B. pseudocatenulatum and B. ruminantium (Fig 7A). From these species, B.
adolescentis, B. bifidum, B. breve and B. longum are the most commonly used species
in probiotics, although the others have been studied for probiotic properties as well 67,
Assembly-based method reveals that Bifidobacterium longum strains are (almost)
identical within residents, but not between residents
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To investigate whether Bifidobacterium longum strains were identical between and
within residents, we analysed the strains using de novo assemblies. B. longum was
selected because of its high relative abundance in multiple samples, increasing the
chance of recovering a full genome from the respective metagenomes and because it is
commonly present in probiotics. Its genome size is about 2.5 Mb and contains a high
GC content of ~60%. From samples of residents L001, L0O06 and L028, B. longum
genomes larger than 2 Mb could be recovered, indicating that (nearly) full genomes
were successfully obtained from the metagenome, but this was not the case for L031
and R003 (Additional file 3: Table S2). While average nucleotide identities were high
between samples, strains from the same individual were more identical to themselves
than to strains from other residents (Fig 7B). This indicates that residents do not carry
the same B. longum strains. It should be noted that a full B. longum genome could
not be retrieved for all residents. Lastly, B. longum genomes were compared to the
NCBI reference genome (accession number NC 011593), the representative genome
(NC_004307) and its plasmid (NC_004943) and several other B. longum strains (Fig
7B) to provide insight in what levels of divergence are to be expected between strains.
Comparing these B. longum genomes from the NCBI database shows that unrelated B.
longum strains have an average nucleotide identity (ANI) of between 0.956 and 0.988.
This further confirms that B. longum strains between the nursing home residents were
different (maximum ANI between strains from different residents 0.99) and that within
residents strains were almost identical (ANI > 0.994), in case a nearly full genome could
be retrieved.
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Discussion

We present a unique study on asymptomatic gut MDRO (in this study MDR
Enterobacterales) colonisation in nursing home residents and performed a wide variety
of analyses, namely clinical risk factor analysis, WGS of MDRO isolates and 16S
rRNA gene amplicon sequencing and metagenomic sequencing of the gut microbiota.
We identify possible risk factors for MDRO colonisation, potential spread of MDROs
within a ward and microbial signatures associated with MDRO colonisation using 16S
rRNA gene amplicon sequencing. Many of the MDRO-associated microbial signatures
are consistent over the six-month time course of this study as shown by longitudinal
modelling. Additionally, the unexpectedly high abundance of Bifidobacterium abundance
in multiple residents was further investigated using metagenomic sequencing. We show
that this high abundance is very unlikely to be stemming from probiotic supplementation,
as Bifidobacterium species and B. longum strains differed between residents.

We observed a spread of E. coli ST131 within a ward, but not between wards, as the ST131
seemed ward-specific. E. coli ST131 was the most commonly found ST in our study,
which is in line with previous results showing that this ST is major driver of the current
worldwide spread of ESBL-producing E. coli ®* 3. This sequence type is associated
with community-acquired infections and older age, and is frequently observed in nursing
homes in countries throughout Europe and the USA - %62 While ST131 outbreaks are
generally seen amongst and between various nursing homes, we concluded that spread
of specific ST131 strains was restricted within wards. However, previous studies may
have been limited by methods to characterise ST131, as they characterise strains only
with regular MLST (of a limited number of housekeeping genes). By using pangenome
analysis, we investigated the genetic differences in detail, allowing for discrimination
of the ST131 strains between the wards. We conclude that MDRO transmission within
nursing home wards seems to reflect that of household contacts ©¥. This small scale
MDRO spread was observed in the samples of 27 residents, one could hypothesize
higher absolute numbers of related strains if all nursing home residents would have been
screened. Not only strains can spread, plasmids are also able to move between different
bacterial strains. For instance, three different E. coli ST types found at ward F contained
arr-3, aadA16 and dfrA27. Considering that these three genes are usually encoded on a
plasmid ¢+ it is possible that they spread between ST131 strains on ward F. However,
definite conclusions cannot be made based on these results, as only three MDRO strains
were detected in ward F.

Novel microbial signatures of MDRO colonisation were identified which could

contribute to colonisation resistance against MDROs. Three taxa were consistently more
abundant throughout the study in residents never colonised with an MDRO, namely
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Dorea, Lachnospiraceae ND3007 group and Atopobiaceae, and these taxa were also
found to be more abundant in MDRO-negative samples at two time points. Increased
relative abundance of Dorea and the Lachnospiraceae family has been shown to be
associated with colonisation resistance against Campylobacter infection ©®. The relative
abundance of Dorea formicigenerans was identified as a potential pre-liver transplant
marker for subsequent MDRO colonisation ©” but another report did not mention Dorea
as either a protective taxon or a risk factor ¥, While these results are conflicting, there is
a possibility that different studies observed effects of different Dorea species or strains,
which could theoretically have different or opposing effects on MDRO colonisation.
Lastly, as clinical variables were not evenly distributed between compared groups, there
is a possibility that observed differences in relative abundance of bacterial taxa can
partially be attributed to these confounding factors.

We did not observe differences in alpha diversities between the different groups based on
MDRO status. This contrasts several reports where MDRO colonisation was associated
with a reduced alpha diversity, although conflicting evidence exists %76 In addition,
no difference in beta diversity was observed between the ever and never MDRO-
colonised groups, nor between MDRO-positive and MDRO-negative samples. This
contradicts findings in liver transplant patients and MDRO colonisation ¢”. Conflicting
results regarding diversities and microbial signatures could have multiple reasons. First,
technical variation induced from the entire workflow starting with sample collection
and ending with use of different statistical tools. Second, different MDRO types were
studied between the various reports. In the current study, we mainly observed multi-drug
resistant E. coli, while two other major studies investigating MDROs and gut microbiota
found a larger variety of MDRO types 1 ¢?. Considering that microbiome-mediated
colonisation resistance is likely to be specific for individual bacterial species and most
likely even bacterial strains, further studies should ideally focus on investigating single
MRDOs in relation to the gut microbiota. Third, geographical locations of the studied
cohorts were different, likely reflecting differences in gut microbiota composition due
to varying dietary patterns and other cultural habits.

An unexpectedly high relative abundance of Bifidobacterium was observed in several
residents in different wards. Such consistently high relative abundances have, to the best
of our knowledge, not previously been described in adults or elderly. Incidental reports
of an outgrowth of Bifidobacterium species in elderly in a long-term care facility have
been described . Rowan et al. observed a high relative abundance of Bifidobacterium
species in two out of eleven elderly subjects (>15% relative abundance at at least
one time point; mainly B. longum, B. breve and B. adolescentis), although potential
explanations were not discussed.
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It is known that in infancy the gut microbiota is largely dominated by Bifidobacterium,
but that this high abundance declines with aging 7. In addition, elderly mostly harbour
B. longum, B.nucleatum, B. pseudonucleatum and B. adolescentis. While we found that
these species were indeed among the most abundant, high relative abundances of B.
angulatum, B. bifidus, B. breve and B. ruminantium were also observed. At first, we
hypothesised that high Bifidobacterium relative abundance could be stemming from
probiotic supplementation used on a voluntary basis by the nursing home residents,
despite knowing that probiotics generally do not colonise very successfully 77>, By
performing metagenomic sequencing on a subset of samples, we showed this was
unlikely to be the case, as different Bifidobacterium species were observed between
residents. In addition, using strain-resolved metagenomics we show that B. longum
strains were different between residents, but likely the same within residents. Our second
hypothesis related to dietary patterns of residents, that perhaps a very monotonous diet
could stimulate outgrowth of Bifidobacterium. However, residents consumed fresh,
daily prepared meals according to a normal Dutch diet. It is unclear what the reasons and
consequences of this high relative abundance of Bifidobacterium are in our residents. In
combination with the observation that a high relative abundance of Bifidobacterium is
not associated with protection against MDRO colonisation, this suggests that probiotics
based on the Bifidobacterium species in our study may not effectively protect against
MDRO colonisation.

This study has several limitations and strengths. First, our sample size and number of
MDRO-positive samples was limited, preventing the application of a more extensive
epidemiological risk factor analysis. Sample size was also a limiting factor in differential
abundance testing between MDRO-positive and MDRO-negative samples per time
point. Second, this study focused on a single nursing home and we can therefore not
be certain that microbiota profiles are representative for residents of other (Dutch)
nursing homes. Especially in light of our unique findings of high relative abundance of
Bifidobacterium species, profiling the gut microbiota across other nursing homes would
be important. Third, some wards had a very limited number of MDRO isolates, which
hampered making definite conclusions about MDRO spread in those wards. Lastly, not
all residents provided faecal samples on all four time points.

However, this study uses a unique combination of analyses for in-depth understanding of
MDRO spread in a nursing home and the relation of MDRO colonisation with residents’
microbiota. The longitudinal nature of our study setup allowed for 1) detection of robust
associations between MDRO colonisation and specific microbial taxa and 2) identifying
whether colonising MDRO strains were identical over time and 3) comparing B. longum
strains within and between residents using strain-resolved metagenomics. In addition,
the use of various statistical methods for identifying microbial taxa associated with
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MDRO colonisation further strengthens our findings. Lastly, our finding of high relative
abundance of Bifidobacterium in multiple residents warrants further investigation and
confirmation by other studies.

Conclusions

Our study provides new evidence regarding the gut microbiota’s potential in providing
colonisation resistance against MDRO colonisation in a nursing home. Several specific
taxa were identified which were consistently more abundant in residents never colonised
with an MDRO throughout the six-month study. Considering that most of the detected
MDROs were E. coli strains belonging to ST131, it may be especially interesting to
test the potentially protective effect of these taxa against E. coli ST131. In addition,
we report a uniquely high abundance of several Bifidobacterium species in multiple
residents and excluded the possibility that this was due to probiotic supplementation.
While the reasons for, and consequences of this high relative abundance remain unclear,
it does suggest that probiotics based on Bifidobacterium species observed in our study
are highly unlikely to prevent or eradicate MDRO colonisation in the gut of nursing
home residents.
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MALDI-TOF: Matrix-assisted laser desorption ionisation-time of flight
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Abstract

Background

Gut colonization by antibiotic resistant E. coli strains, including extended-spectrum
beta-lactamase (ESBL)-producing E. coli is a risk factor for developing overt infection.
The gut microbiome can provide colonization resistance against enteropathogens, but
it remains unclear whether it confers resistance against potentially pathogenic ESBL-
producing E. coli.

Materials

From a Dutch cross-sectional population study (PIENTER-3), feces from 2751
individuals were used to culture ESBL-producing bacteria. Of these, we selected 49
samples which were positive for an ESBL-producing Escherichia coli (ESBL"), and
negative for a variety of variables known to affect microbiome composition. These were
matched in a 1:1 ratio to ESBL- samples based on age, sex, having been abroad in
the past six months and ethnicity. Shotgun metagenomic sequencing was performed
and taxonomic species composition and functional annotations (microbial metabolism
and carbohydrate-active enzymes) were determined. Targeted quantitative metabolic
profiling ("H NMR-spectroscopy) was performed to investigate metabolomic profiles.

Results

No differences in alpha or beta diversity were observed, nor in relative abundance,
between ESBL" and ESBL- individuals based on bacterial species level composition.
Machine learning approaches based on microbiota composition did not accurately predict
ESBL status (area under the receiver operating characteristic curve (AUROC)=0.53),
neither when based on functional profiles. The metabolome did also not convincingly
differ between ESBL groups as assessed by a variety of approaches, including machine
learning through random forest (AUROC=0.61).

Conclusion

Using a combination of multi-omics and machine learning approaches, we conclude that
asymptomatic gut carriage of ESBL-producing E. coli is not associated with an altered
microbiome composition or function. This may suggest that microbiome-mediated
colonization resistance against ESBL-producing E. coli is not as relevant as it is against
other enteropathogens.
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Introduction

Escherichia coli is a common gut commensal, but several strains possess virulence
factors that enable them to cause gastrointestinal, urinary and extraintestinal infections'-2.
Colonization of the gut by multidrug-resistant organisms (MDRO), including extended-
spectrum beta-lactamase (ESBL)-producing E. coli and carbapenem-resistant E. colli,
often precede infections®. The gut microbiome can mediate colonization resistance
against several enteric pathogens, but it remains unclear whether this is also the case
for MDROs such as ESBL-producing E. coli, especially since many individuals harbor
commensal E. coli. Colonization resistance can be conferred by the gut microbiome
through nutrient competition, production of antimicrobial compounds, support of gut
barrier integrity, bacteriophage deployment and through interaction with the immune
system®. However, studies in humans have reported conflicting evidence regarding
which bacterial genera or species within the gut microbiome could be of relevance in
providing colonization resistance against ESBL-producing E. coli or ESBL-producing
Enterobacterales. These conflicting results can, at least partially, be traced back to
several confounding factors (e.g. medication) in those studies®®. It was recently shown
that unevenly matched case-controls studies with regard to lifestyle and physiological
characteristics can produce spurious microbial associations with human phenotypes like
disease, or in this case, colonization by ESBL-producing E. cols’.

Here, we aimed to compare the gut microbiome and metabolome between individuals
asymptomatically colonized with an ESBL-producing E. coli (ESBL") and individuals
who are not (ESBL"), determined by culture-based and molecular approaches. To avoid
confounding factors from affecting study results, we selected samples from a large Dutch
cross-sectional population study (PIENTER-3) for which 2751 fecal samples were used to
culture ESBL-producing bacteria'®. With this high number of samples available, we could
apply stringent sample selection with regard to known confounders in microbiome studies
such as antibiotic use, proton-pump inhibitor use, a variety of diets etc. Subsequently,
we performed case control matching based on a variety of epidemiological and health
related variables. We performed extensive functional and taxonomic profiling of the gut
microbiome through metagenomics and metabolomics to investigate whether there are
differences in the gut microbiome between matched ESBL" and ESBL- individuals.

Materials and methods
Sample collection

Samples were selected from a large Dutch population-wide study (PIENTER-3)'. This
cross-sectional population study was carried out in 2016/2017, primarily designed
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to obtain insight into age-specific seroprevalence of vaccine-preventable infectious
diseases. Out of the 98 included samples for the current study, 95 were stored in the
freezer within 15 minutes after defecation, one person did not provide information on
this and two individuals took longer than one hour to store their sample in the freezer.
Samples were kept on average for 2.97 days (+2.82) (six individuals did not indicate
this information) in people’s freezer before being delivered (on cold packs) to the
mobile study team!®. Fecal samples were kept on dry ice during transport to the National
Institute for Public Health and the Environment and stored at -80°C the next day.

Detection of ESBL-producing Enterobacterales

Details of the microbiological methods have been described elsewhere (Willems RPJ,
van Dijk K, Dierikx CM, Twisk JWR, van der Klis FRM, de Greeff SC, Vandenbroucke-
Grauls CMIJE. Gastric acid suppression, lifestyle factors and intestinal carriage of
ESBL and carbapenemase-producing Enterobacterales: a nationwide population-based
study [Submitted]). Briefly, stool specimens were enriched by tryptic soy broth with
ampicillin (50 mg/L) and then cultured on selective agar plates (EbSA, Cepheid Benelux,
Apeldoorn). Next, up to five oxidase-negative morphotypes were subcultured, identified
to species level, and tested for antimicrobial susceptibility using standard procedures
(VITEK 2 system, bioMérieux, Marcy-L’Etoile, France). Antimicrobial susceptibility
was classified according to European Committee on Antimicrobial Susceptibility
Testing clinical breakpoints''. ESBL production was screened for with combination
disk diffusion and confirmed by polymerase chain reaction (PCR); PCR was performed
for the bla, ., \.»
European Committee on Antimicrobial Susceptibility Testing guidelines'.

blag,, and bla . groups'>. ESBL testing was done according to the

Sample selection

2751 fecal samples were cultured for ESBL- or CPE-producing bacteria, of which
198 samples were positive. For the purpose of our study, we selected samples positive
for ESBL-producing E. coli, resulting in 176 potential samples. Next, we applied
stringent exclusion criteria for all samples based on variables known to affect the gut
microbiome. Individuals were excluded based on the following criteria: current proton-
pump inhibitor use, antibiotic use in the last three months, diarrheal symptoms in the last
month (defined as at least three thin stools within 24 hours), vomiting in the last month,
blood in stool during the last month, abdominal pain or nausea during the last month,
use of any pre- or probiotics, consumption of a special diet (vegetarian, cow’s milk free
diet, hen’s egg protein-free diet, gluten free, nut and/or peanut-free, lactose limited diet,
diabetes-related diet, limited protein diet, limited fat and/or cholesterol diet, enrichment
of dietary fiber, caloric restriction, low in sodium, easily digestible, coloring agent-free,
enriched in energy/protein, ‘other diet’) and whether stool was stored in the freezer after
defecation (samples were excluded if not stored in the freezer). This selection resulted
in 51 ESBL* samples for inclusion, which were subsequently matched to 51 ESBL-

232



CHAPTER 9

samples using the R Matchlt package (v3.0.2) with the “nearest” method in the matchit
function. Subjects were matched based on age, sex, having been abroad during the last
6 months (yes/no) and ethnicity. ESBL negative samples were selected using the same
exclusion criteria. Three samples (1 ESBL- sample and 2 ESBL" samples) were further
excluded as insufficient DNA was available for sequencing. One additional sample
(ESBL") was excluded as we discovered afterwards that this individual had provided
ambiguous answers regarding dietary habits. The final dataset for analysis contained 49
individuals in each group.

DNA extraction for metagenomic shotgun sequencing

DNA was extracted by mechanical disruption (repeated bead-beating) and purified
in a Maxwell RSC instrument (Promega Benelux BV, Leiden, The Netherlands).
The Maxwell RSC Blood DNA extraction kit was according to manufacturer’s
instructions with several modifications, as follows. Fecal samples were thawed on ice
and approximately 250 mg of well-homogenized fecal material was resuspended in
S.T.A.R (stool transport and recovery buffer) buffer (Roche Diagnostics, Almere, The
Netherlands), with 0.1 mm zirconia/silica beads and 2.5 mm glass beads. The fecal
suspension was mechanically disrupted three times for one minute in a FastPrep-24
Instrument at room temperature and 5.5 oscillations, and maintained on ice after every
cycle. Samples were further heated at 95°C for 15 minutes shaking at 300 rpm, and
centrifuged for 5 minutes at full speed. Resulting supernatants (fecal lysates) were
collected and the pellet was further resuspended in an additional 350 ul of S.T.A.R.
buffer following the same procedure. Pooled fecal lysates were then transferred to the
Maxwell RSC Instrument for further purification steps. Eluted sample was cleaned-up
using the OneStep PCR Inhibitor Removal Kit (Zymo Research, Irvine, California), and
DNA was quantified using a Quantus Fluorometer (Promega Corporation, Madison, WI,
USA). Every extraction round included two negative DNA extraction controls (blank
samples with S.T.A.R. buffer without any added fecal material) and two microbial mock
communities as positive controls (ZymoBiomics Microbial Community Standards;
Zymo Research, Irvine, California, USA).

Metagenomic shotgun sequencing

Shotgun metagenomic sequencing was performed by GenomeScan B.V. (Leiden, The
Netherlands) using the NEBNext® Ultra™ II FS DNA Library Prep Kit (New England
Biolabs, Ipswich, Massachusetts, USA) and the NextSeq 500 platform (paired-end,
150bp). Two positive sequencing controls (ZymoBiomics Microbial Community DNA
Standards; Zymo Research, Irvine, California, USA) and two negative sequencing
controls (sterile water) were included. Average number of raw reads (of 98 samples and
four positive controls) is 4,747,908 (range 2,565,232 — 62,035,096) and a median of
4,142,237 paired-end reads. Raw shotgun sequencing reads were quality checked using
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the FastQC (v0.11.9) and MultiQC (v1.8) tools, both before and after cleaning files
for low-quality reads and human reads using the kneaddata (v0.7.10) tool with default
parameters.

Taxonomic and functional annotation were performed on cleaned reads using the
NGLess language (v1.2.0), associated tools and the Integrated Gene Catalog (IGC)
database'*'®, For taxonomic analysis, mOTUs (v2.5.1) was used with default parameters
and unclassified reads (-1 category in mOTUs) were not included for downstream
analyses'. Functional annotation was performed by aligning cleaned reads to the
annotated IGC database (we annotated the IGC through eggNOG mapper v2.1.0
using default parameters and the “-m diamond” argument) using Burrows-Wheeler-
Aligner MEM (BWA, v0.7.17)"7- 1820 Unclassified reads were not taken into account
for downstream analyses. Default parameters were used, apart from the ‘normalization’
argument, which was specified as normalization="scaled”, which corrects for size of
the feature (gene). Aligned reads were then aggregated using the Kyoto Encyclopedia
of Genes and Genomes (KEGG), KEGG Orthology (KO) groups and Carbohydrate-
active enzymes (CAZymes) annotations present in the IGC (features="KEGG_ko” or
features= “CAZy” argument in NGLess)?" 22,

Multi-locus sequence typing on E. coli was performed using the MetaMLST tool (default
parameters). MetaMLST aligns sequencing reads against a database (which can be
customized) of housekeeping genes to identify sequence types present in metagenomes.
A custom E. coli database (Achtman MLST scheme) was created with MLST data from
October 16" 2020 (https://pubmlst.org/bigsdb?db=pubmlst ecoli_achtman_seqdef)*. No
sequence types could be reliably detected in the samples, likely due to the very low relative
abundance of E. coli and the corresponding low number of reads and coverage of E. coli.

Resistome profiling

To profile the antimicrobial resistance genes in the metagenomes, cleaned reads were
aligned to the MEGARes database (v2.00) using BWA MEM with default settings'”.
The resulting SAM file was parsed using the ResistomeAnalyzer tool (https://github.
com/cdeanj/resistomeanalyzer) and the default threshold of 80% was used, meaning

an antibiotic-resistance determinant was only included if at least 80% of the gene is
detected in a sample®*. Read counts originating from alignments to housekeeping genes
associated with antimicrobial resistance (AMR) (e.g. rpoB and gyrA) that require single
nucleotide polymorphisms to confer resistance were filtered out of the count table
before downstream analyses, as previously reported®. Gene level data (e.g. tetO, tetQ
and fetW) were used for calculating alpha and beta diversity metrics and for differential
abundance analysis. For visualization purposes, gene level outputs were aggregated at
the mechanism level (e.g. beta-lactams, mupirocin).

234


https://pubmlst.org/bigsdb?db=pubmlst_ecoli_achtman_seqdef

CHAPTER 9

Positive and negative controls for metagenomic sequencing

Eight mOTUs were detected in all four positive controls, exactly matching theoretical
expectations. With regard to expected relative abundances, sequencing controls were, as
expected, more accurate (average fold error of 1.14) than the DNA extraction controls
(average fold error of 1.42 with underrepresentation of Gram-positive bacteria). The
four included negative controls (two extraction controls and two sequencing controls)
did not generate any reads. These results indicate good performance of sequencing,
DNA extraction procedures and bioinformatic processing of the data.

Metabolomics
The method for NMR analysis of fecal samples was adapted from the protocol developed
by Kim et al. with a few minor adaptations®.

Sample preparation

Each feces-containing sample tube was weighed before sample preparation. To each
sample tube 50 pl of 0.5 mm zirconium oxide beads (Next Advance, Inc.) and 750 pul
of milli-Q water were added. Then, the tubes were subjected to bead beating for four
sessions of one minute. The tubes were subsequently centrifuged at 18,000 g at 4°C
for 15 minutes. For most samples, 600 pul of supernatant was transferred to new 1.5 ml
Eppendorf tubes. In some cases the volume of available supernatant was slightly less.
These tubes were centrifuged at 18,000 g at 4 °C for 1 hour. 270 ul of supernatant
was added to 30 ul of pH 7.4 phosphate buffer (1.5 M) in 100% D,O containing 4
mM TSP-d, and 2 mM NaN,. A customized Gilson 215 liquid handler was used to
transfer the samples to a 3.0 mm Bruker NMR tube rack. The original sample tubes were
cleaned, dried and weighed again.

NMR measurements

'"H NMR data were collected using a Bruker 600 MHz Avance Neo/IVDr spectrometer
equipped with a 5 mm TCI cryogenic probe head and a z-gradient system. A Bruker
SampleJet sample changer was used for sample insertion and removal. All experiments
were recorded at 300 K. A standard sample 99.8% methanol-d4 was used for temperature
calibration before each batch of measurements?’. One-dimensional (1D) 'H NMR
spectra were recorded using the first increment of a NOESY pulse sequence® with
presaturation (yB, = 50 Hz) during a relaxation delay of four seconds and a mixing time
of 10 ms for efficient water suppression®. Initial shimming was performed using the
TopShim tool on a random mix of urine samples from the study, and subsequently the
axial shims were optimized automatically before every measurement. Duration of 90°
pulses were automatically calibrated for each individual sample using a homonuclear-
gated mutation experiment®® on the locked and shimmed samples after automatic tuning
and matching of the probe head. 16 scans of 65,536 points covering 12,335 Hz were
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recorded. J-resolved spectra (JRES) were recorded with a relaxation delay of 2 s and 2
scans for each increment in the indirect dimension. A data matrix of 40 x 12,288 data
points was collected covering a sweep width of 78 x 10,000 Hz. Further processing
of the raw time-domain data was carried out in the KIMBLE environment®'. The Free
Induction Decay of the 1D experiment was zero-filled to 65,536 complex points prior
to Fourier transformation. An exponential window function was applied with a line-
broadening factor of 1.0 Hz. The spectra were automatically phase and baseline corrected
and automatically referenced to the internal standard (TSP = 0.0 ppm). A sine-shaped
window function was applied and the data was zero-filled to 256 x 16,384 complex data
points prior to Fourier transformation. In order to remove the skew, the resulting data
matrix was tilted along the rows by shifting each row (k) by 0.4992x (128-k) points and
symmetrized about the central horizontal lines.

Metabolite quantification

Metabolites were quantified using KIMBLE and the results were checked by quantifying
the same metabolites both in the JRES and in the NOESY 1D experiments and in 10
randomly chosen spectra using the Chenomx NMR Suite version 8.6 (Chenomx Inc.,
Edmonton AB, Canada).

Statistical analysis

Statistical software used for downstream analysis

Analyses and visualizations were performed in R (v4.0.4), using the following packages:
phyloseq (v1.34.0), microbiome (v1.12.0), vegan (v2.5-7), tidyverse packages (v1.3.0),
SIAMCAT (v1.10.0), tablel (v1.2.1) and ropls (v1.22.0)**3%. All analytical R code will
be made publicly available upon acceptance of the manuscript. For all used tools, default
parameters were used unless stated otherwise.

Community composition analysis of metagenomic data

We tested for differences in overall microbiota composition with permutational
multivariate analysis of variance (PERMANOVA) using Bray-Curtis dissimilarity. As
violation of the assumption of homogenous dispersions can lead to wrong conclusions
regarding PERMANOVA, we first tested this assumption using the betadisper function
of the vegan package. No heteroscedasticity was observed between the ESBL" and
ESBL- group. To investigate both linear and non-linear patterns in the data, we performed
dimension reduction using both principal coordinates analysis (PCoA) and t-distributed
stochastic neighbor embedding (t-SNE), both based on Bray-Curtis dissimilarity. Alpha
diversity indices were compared using independent t-tests.

Differential abundance analysis in metagenomic data
Differential abundance analysis of mOTUs, KO groups, CAZymes and resistance
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genes between ESBL™ and ESBL samples was performed using STAMCAT on relative
abundance matrices. Features (mOTUs, KO groups or CAZymes) had to be present in
at least 25% of samples to be included in the analysis. Regarding resistome analyses, a
gene had to be present in 10% of samples to be included, as the 25% prevalence cut-off
was too stringent resulting in only fourteen genes included in the analysis. To correct for
false discovery rate, p-values were corrected in all tests using the Benjamini-Hochberg
procedure®.

Machine learning classifier on metagenomic data

We used obtained taxonomic and functional profiles for feature selection and construction
of prediction models. To this end, least absolute shrinkage and selection operator
(LASSO) logistic regression using the SIAMCAT package was performed to select
predictive features and remove uninformative features based on species composition or
functional profiles. Preprocessing was done by filtering mOTUs, KO groups, or CAZyme
families which were present in at least 25% of samples. The vignette from SIAMCAT
(https://siamcat.embl.de/articles/SIAMCAT _vignette.html) was followed*’. In short, we
performed data normalization using the “log.unit” method, 5-fold cross validation to
split the data in several combinations of training and test data, trained the model using
LASSO logistic regression (“lasso” parameter) and, lastly, made the predictions.

Metabolomics data

Metabolomic concentrations were first log10 normalized to reduce heteroscedasticity.
Metabolite concentrations were subsequently centered and scaled to a mean of 0
and standard deviation of 1, as previously described®. Differences in concentrations
between ESBL groups were tested using t-tests where p-values were corrected for
multiple testing using two methods (to establish robustness of potential findings),
namely Benjamini-Hochberg and Holm correction (with Holm correction being more
conservative)® #!. Next, we performed multivariate analyses using PCA and Partial
Least-Squares Discriminant Analysis (PLS-DA). Lastly, random forest was applied
to investigate whether ESBL" and ESBL- individuals could be accurately classified
based on their respective metabolite profiles. As input to the random forest, normalized
metabolite concentrations were used and, similarly as with metagenomic data, 5-fold
cross validation was implemented in STAMCAT.

Results

Participant and ESBL-producing E. coli isolates characteristics
The original sample selection contained 51 individuals in each group, but three samples
were not suitable for metagenomic sequencing due to too low DNA concentrations after
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extraction. One more individual had to be excluded due to ambiguous answers regarding
dictary habits. Ultimately, this resulted in metagenomics data from 49 individuals per
group. Demographic and participant characteristics were highly similar between the
ESBL" and ESBL-group and antibiotic use between the preceding three to twelve months
was also evenly matched (Table 1). With regard to the ESBL-producing E. coli isolates
that colonized our 49 ESBL" participants, 44 carried a CTX-M-type. The majority of
these were CTX-M-1 (25) and CTX-M-9 (18) and one could not definitively be typed
(CTX-M-1 or CTX-M-8). Isolates of four individuals were negative for CTX-M
genes and for one participant it could not be determined. Additional information on
antimicrobial susceptibility of the strains can be found in Supplementary Table 1.

Table 1: Characteristics of participants included in the study. P-values were obtained using an
independent t-test (for numerical variables) or Fisher’s exact test (for categorical variables).

ESBL negative ESBL positive P-value
(N=49) (N=49)
Age (years)
Mean (SD) 44.1(15.2) 46.6 (15.3) 0.43
Median [Min, Max] 45.0 [20.0, 74.0] 46.0 [21.0, 74.0]
Sex
Male 26 (53.1%) 23 (46.9%) 0.69
Female 23 (46.9%) 26 (53.1%)
Abroad in last 6 months
Yes 39 (79.6%) 37 (75.5%) 0.81
No 10 (20.4%) 12 (24.5%)
Ethnicity
Dutch 38 (77.6%) 36 (73.5%) 0.79
First generation other-Western 1 (2.0%) 0 (0%)
Second generation other-Western 2 (4.1%) 3(6.1%)
First generation Suriname+Aruba+Dutch Antilles 3(6.1%) 3(6.1%)
Second generation Suriname+Aruba+Dutch Antilles 1 (2.0%) 0 (0%)
First generation other non-Western 4 (8.2%) 7 (14.3%)
Antibiotic use in the prior 3 to 12 months
Yes 6 (12.2%) 7 (14.3%) 0.77
No 43 (87.8%) 41 (83.7%)
Do not know 0 (0%) 1 (2.0%)

No differences between the ESBL* and ESBL- individuals in bacterial species
composition or diversity parameters

We investigated potential differences in microbiota composition and diversity between
ESBL* and ESBL- samples. A total of 1178 species (mOTUs) were detected in our
cohort. Overall bacterial composition at the family and genus level are shown in Figure
S1. The most abundant species and their average relative abundance in this cohort were
Bifidobacterium adolescentis (4.6% + 6.9%), Ruminococcus bromii (3.4% =+ 4.8%)
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undefined Ruminococcaceae spp. (2.9% = 3.2%), Eubacterium rectale (2.7% + 2.8%)
and Prevotella copri (2.5% + 5.7%). We did not observe differences in alpha diversity
(observed mOTUs and Shannon index, Figure 1A and B), nor in beta diversity (PCoA
and t-SNE, Figure 1C and D).

Next, we investigated whether there were differences in relative abundance between
the study groups at the species level (mOTUs). Prior to differential abundance testing,
mOTUs were filtered based on a prevalence of at least 25%, resulting in 261 mOTUs
(representing 22.2% of the total observed mOTUs). No significant differentially abundant
mOTUs were detected (all corrected p-values > 0.7). In order to elucidate whether
microbiota composition is predictive of ESBL carriage, a machine learning classifier
(LASSO logistic regression) was applied to the filtered mOTUs relative abundance
matrix, which provided an AUROC value of approximately random classification
(AUROC of 0.53, Figure 1E), indicating that mOTUs relative abundance does not allow
for reliable prediction of ESBL status.

No differences in the resistome of individuals colonized by an ESBL-producing E.
coli and ESBL- individuals

Of all cleaned reads, an average of 0.035% (£0.024%) reads per sample mapped against
the MegaRes 2.0 database. There was no difference between ESBL groups in the
average number of reads aligned to MegaRes 2.0 (independent t-test, p=0.84). A total of
98 unique antimicrobial resistance genes (ARGs) were detected with 17 different AMR
mechanisms (e.g. beta-lactam), and the number of detected ARGs was not different
between ESBL groups (independent t-test, p = 0.46) (Figure 2A). Overall ARGs
profiles in the study groups assessed by plotting beta diversity, did not show a clear
separation between ESBL groups (Figure 2B), which was confirmed by PERMANOVA
(p=0.21). The most abundant ARGs and AMR mechanisms are visualized in Figure
2C and D. No differences in relative abundance of ARGs were found between the
groups using differential abundance analysis (all corrected p-values > 0.4). Tetracycline
resistance was most abundant in the resistomes (47.7% + 24.7%, Figure 2C), followed
by mupirocin resistance (33.7% =+ 28.6%). Tetracycline resistance was conferred by
several fet genes, while mupirocin resistance was conferred through the i/eS gene. As
it is known from literature that Bifidobacterium spp. can be intrinsically resistant to
mupirocin through the ileS gene*, we analyzed the correlation between the relative
abundance of Bifidobacterium (at genus level) and the ileS gene, which was indeed high
(R=0.78, p<2.2x10'%) (Figure S2). We then moved on to investigate functional profiles
of our participants.
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and Shannon index (B), unsupervised clustering using PCoA (C) and t-SNE (D) based on Bray-
Curtis dissimilarity and the ROC curve for LASSO (E). The ROC curve shows the mean AUC
value and its respective 95% CI.
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No differences between the ESBL* and ESBL- individuals in functional capacity of
the microbiome

To compare the functionality of the gut microbiome between the study groups,
cleaned reads were mapped against the annotated IGC database. On average, 95.8%
(+1.7%) of reads aligned against the IGC, and the aligned number of reads was not
different between ESBL groups (independent t-test, p=0.23). From the aligned reads,
49.2% (+2.2%) aligned against a gene annotated by a functional group (KO group)
and this was not different between ESBL groups (independent t-test, p=0.13). There
was no difference in overall functional profiles between the groups (PERMANOVA,
p=0.19). 8450 KO groups were detected and after filtering on 25% prevalence, 5179 KO
groups remained for differential abundance testing. No KO groups were significantly
differentially abundant between ESBL groups (all corrected p-values > 0.2). To identify
functional groups predictive of ESBL status, LASSO logistic regression was applied
to the relative abundance matrix of KO groups. No accurate prediction model could
be constructed (AUROC of 0.61), indicating that the functional groups do not contain
information allowing for prediction of ESBL status.

No functional differences in Carbohydrate Active Enzymes (CAZymes) between
the ESBL" and ESBL- group

From the aligned reads, 2.1% (+0.2%) aligned against a gene annotated to a CAZyme
family and this was not different between ESBL groups (independent t-test, p=0.48). A
total of 109 CAZyme families were detected with a mean of 77.7 (£5.7) per individual,
with no differences between ESBL groups (independent t-test, p=0.34) (Figure 3A). The
three most abundant CAZymes in our study were glycoside hydrolase (GH)13 (19.4%
+ 3.3%), GH3 (11.4% + 1.6%) and GH31 (6.2% + 0.9%) (Figure 3C), corresponding
to breakdown of starch and glycogen (GH13) and breakdown of plant cell wall glycans
(GH3 and GH31)*®. Variation in CAZyme relative abundance profiles could not be
explained by ESBL group (PERMANOVA, p=0.57, Fig 3B). Compositional plots
based on the top 20 most abundant CAZymes were highly similar between the ESBL
groups (Figure 3C), and no differences in relative abundance of individual CAZyme
families was observed (all corrected p-values > 0.6). To identify potential drivers of
ESBL-producing E. coli colonization we used LASSO logistic regression on relative
abundances CAZymes, which did not result in an accurate prediction model (AUROC of
0.56). This indicates there is only very low to no predictive power in relative abundances
of CAZymes with regard to ESBL status.
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Metabolomics profiling shows no clear differences between ESBL groups at the
functional level

For metabolomic analysis we quantified metabolite concentrations in all individuals,
except for one ESBL"sample that was excluded as a good quality NMR spectrum could
not be recorded due to shimming problems. First, to investigate whether any differences
in metabolite concentrations existed between ESBL groups, we performed univariate
testing (independent t-tests). These results strongly depended on the method used for
multi-error correction (11 metabolites were significantly different at p=0.048 with
Benjamini-Hochberg, but none with Holm) (Figure S3 and Figure S4).

Unsupervised dimensionality reduction using PCA was performed to investigate
whether any separation could be observed based on ESBL carriage (Fig 4A). Over 46%
of the metabolome variation could be explain on the first principal component, with
some separation of the study groups. However, supervised analysis using a PLS-DA
indicates that no predictive value could be obtained for class separation based on two
PLS components (Q2Y =-0.06). Lastly, we performed a random forest prediction model
to investigate whether ESBL status could be predicted based on metabolite profiles, but
this was not the case (AUROC = 0.61) (Figure 4B). Altogether, minor differences in
metabolite concentrations could be detected using t-tests, but these were dependent on
the method applied for correction for multiple testing. PCA between the ESBL groups
showed a small overall signal, but no predictive value could be confirmed by both PLS-
DA and random forest.

ROC curve for random forest on metabolite concentrations

1.0

0.8

0.6

ESBL status
@ ESBL negative
ESBL positive
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True positive rate
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Figure 4: Metabolomic analyses with PCA (A) and the ROC curve of random forest based on
metabolite profiles (B). The ROC curve shows the mean AUC value and its respective 95% CI.
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Discussion

We present a unique study investigating differences in the gut microbiome and
metabolome between individuals asymptomatically colonized by an ESBL-producing E.
coli and matched non-colonized individuals. Importantly, in contrast to previous studies
on this topic, we applied stringent inclusion criteria and matched ESBL" individuals
with ESBL-individuals on important epidemiological variables, which minimized the
chance for observing effects which could be attributed to confounding variables. The
combination of metagenomics and metabolomics allowed for a deep molecular resolution
of the gut microbiome, both at the taxonomic and functional level. We show that there is
no difference in the gut microbiome of individuals asymptomatically colonized with an
ESBL-producing E. coli as compared to individuals who are not colonized.

Confounding factors may, at least partially, be the reason for the previously reported
differences in microbial signatures associated with protection from asymptomatic
colonization by ESBL-producing bacteria and MDROs across different studies. It must
be noted that these studies have mostly investigated vulnerable patient populations,
such as nursing home residents and hospitalized patients. In such populations it is very
complex to disentangle observed differences between colonized and non-colonized
individuals from differences due to confounding variables (such as comorbidities and
medication) between compared individuals® % *-4¢, In our study we excluded individuals
based on many microbiome-influencing clinical factors, and performed matching on
several clinical variables, as recently recommended for cross-sectional microbiome
studies’. In this way, we could study the effect of colonization of ESBL-producing £.
coli in isolation and convincingly show that no differences exist in the gut microbiome
between colonized and non-colonized individuals.

In addition, previous research has generally not focused on species-specific colonization
resistance, but rather on a broad category of MDROs (such as ESBL-producing
Enterobacterales)® *4° Given the large genomic diversity within species?’, let alone
within the order of Enterobacterales, it is highly unlikely that a common mechanisms
exists which could prevent colonization of e.g. both ESBL-producing Klebsiella
pneumoniae and ESBL-producing E. coli. Therefore in the current study we focused on a
single species (E. coli), rather than a broad group of ESBL-producing Enterobacterales.
Microbiome composition of individuals in our study population reflects that of other
population cohorts in general. For example, B. adolescentis has been previously described
in another Dutch cohort as the most abundant bacterial species, with an average relative
abundance of 9.51% (+10.8%)*. In addition, P. copri, R. bromii and E. rectale were also
highly abundant and prevalent, in line with the findings in the current study*®.
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The resistome profiles identified in our study also corresponded well with what is
generally described in literature, with tetracyline resistance being the most abundant
resistance mechanism in the human gut*-='. The observed high relative abundance to
mupirocin in our study could be explained by the intrinsic resistance of Bifidobacterium
spp. to this, of which relatively high abundances were observed in this cohort.

We show that despite inter-individual variation in taxonomic profiles, the functionality
of the microbiome as assessed by the relative abundance of CAZyme families, is highly
consistent between individuals. These finding are in line with previous findings showing
functional similarity at the metabolic level despite taxonomic diversity>* *.

This study is, to our knowledge, the first study to profile the gut metabolome in relation
to colonization of ESBL-producing E. coli. We did not observe a relation between the
metabolome, or any specific metabolite, and ESBL status. For other enteric pathogens,
like Salmonella enterica serovar Typhimurium and C. difficile, specific metabolites have
been shown to be strongly related to colonization resistance in rodent models™ 3. It
should however be mentioned that these are infection models rather than asymptomatic
colonization models, which would better represent our study.

A limitation of our study is that we do not have longitudinal data on the microbiome of
these participants, and are therefore unable to make any statements about the duration
of colonization of ESBL-producing E. coli and associations with the gut microbiome
in time. This is particularly relevant considering the large variation in the duration of
colonization between individuals®® . It could be speculated that individuals who are
long-term colonized have a different gut microbiome than individuals who are only
colonized for a short period of time, although there is no clear evidence for this in
literature to our knowledge. Furthermore, longitudinal observations would allow us to
identify changes occurring at the compositional and functional level when asymptomatic
carriage turns into active infection or when people become decolonized. Lastly, one
would have ideally have microbiome data of an individual shortly before an ESBL-
producing E. coli would colonize and at time of colonization, so that microbiome
changes within an individual can be investigated. Secondly, we do not have whole-
genome sequencing data of the ESBL-producing E. coli isolates, which prevents us from
placing these data into a broader epidemiological context. For example, if the majority
of isolates would be sequence type (ST)131, an endemic ST, this would be valuable
extra information and further extend the clinical relevance of our findings.

This study is however unique in the fact that ESBL* and ESBL-individuals were selected

from a large Dutch cohort (n=2751), and therefore we could apply stringent inclusion
criteria and match the two groups on several demographic and clinical variables. To the
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best of our knowledge, this is one of very few studies in the microbiome field that applied
such a stringent study setup. This setup ensured that the potential effect of confounding
factors was minimized. In addition, this study is the first to investigate differences in the
gut microbiome and metabolome between individuals colonized by an ESBL-producing
E. coli and non-colonized individuals using a combined approach of metagenomics and
metabolomics. Therefore, it provides insight into both the composition and function of
the gut microbiome.

Conclusions

Our study shows that there are no differences in the gut microbiome or metabolome of
individuals who are, or are not, asymptomatically colonized by an ESBL-producing E.
coli. We hypothesize that microbiome-mediated colonization resistance may therefore
not be as relevant against ESBL-producing E. coli as it is for other enteric pathogens
(like C. difficile and vancomycin-resistant Enterococcus), although longitudinal studies
or controlled human colonization models are necessary to confirm this hypothesis.
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Enteric colonization with multi-drug resistant organisms (MDROs) or enteropathogenic
bacteria such as Clostridioides difficile can precede development of an infection and
is considered an important public health concern. It has long been suspected that the
gut microbiome can provide protection against these potentially pathogenic bacteria
and research into this field increased considerably in the last 10-15 years. The gut
microbiome is able to confer resistance against colonization and infection by endogenous
and exogenous microorganisms through a myriad of mechanisms, including nutrient
competition, secretion of antimicrobial compounds such as short-chain fatty acids and
bacteriocins, maintaining gut barrier integrity and its interaction with the host immune
system. It is hypothesized that in the case of enteric colonization or infection, there is a
lack of microbiome-mediated colonization resistance against the potentially pathogenic
microorganism. Therefore, appropriate restoration of colonization resistance may
prevent colonization or contribute to the eradication, before an infection can develop.
The latter strategy may be especially valuable for vulnerable patient populations
such as nursing home residents, stem cell transplant patients and patients admitted
to the intensive care unit. The work in this thesis largely aimed at identifying gut
bacteria involved in conferring microbiome-mediated colonization resistance against
enteropathogens and MDROs. In addition, this thesis contributes to several technical
challenges that the microbiome research field is currently facing, namely standardization
of wet-lab and dry-lab procedures for clinical microbiome studies and development of
novel computational tools for functional microbiome profiling. The work in this thesis
is primarily computational and over the years we progressed from using 16S rRNA gene
amplicon sequencing for microbiota profiling to studies using metagenomic sequencing
and metabolomics, which present more challenges in data analysis. By building on
the experience and knowledge gained in the first 2.5 years of this PhD, we designed
and performed a very stringent cross-sectional study and combined multi-omics with
machine learning approaches.

Technical challenges in the era of multi-omics

Research in the fields of (bio)medicine and biology is rapidly changing and is becoming
increasingly quantitative of nature, with large and complex high-dimensional data being
commonly used' 2. This can especially be attributed to the arrival of the many -omics
techniques which allow for deep resolution at the molecular level (DNA, RNA, proteins
and metabolites) and thereby make a systems biology approach feasible®. These technical
advancements are accompanied by decreasing costs for such measurements, which
makes obtaining these large data sets easier, cheaper and more common®. However,
the scientific community, including journals, funding bodies, education and software/
tool development do not always develop at the same pace, while this is imperative
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for optimal usage of obtained data. In the sections below I will discuss the current
challenges and opportunities of these technical issues.

The solution of the reproducibility crisis: findable, accessible, interoperable and
reusable (FAIR) data

One of the main challenges in recent scientific research is the so-called “reproducibility
crisis”, which means that many studies cannot be reproduced, including studies in the
gut microbiome research field>’. One relatively simple approach that can help to resolve
this crisis is that data reported in manuscripts should be FAIR®. One of the current main
issues with regard to FAIR data is that not all study-related data are made available for
the scientific community by researchers’. While this is understandable, as a lot of effort,
time and money can be involved with collecting data from a large cohort, not sharing all
data used for analysis can impede scientific advancement and hinders reproducibility of
results'®. Not all journals

are implementing stricter rules and guidelines for sharing microbiome data and it remains
frequently stated that ‘raw sequence data is available on request’ or that the data cannot be
shared due to potential privacy issues. The underlying explanation is that human reads are
present in fecal metagenomes, which can in theory lead to identification of an individual'!.
The latter issue can be easily tackled by filtering out human reads prior to uploading the
data to a central archive such as the European Nucleotide Archive (ENA). In this way,
privacy would no longer be an argument for not sharing sequence data. However, the
‘privacy issue’ may actually be representative of an underlying aversion to data sharing.
This could be one possible explanation for the fact that of manuscripts published in Nature
and Science in which is stated that data is available upon request, only in less than half
of the cases the data can actually be obtained’. This study by Tedersoo and colleagues
evaluated data availability in 875 articles published between 2000 and 2019 and they
contacted authors of 310 papers to investigate if data could be obtained®. An encouraging
finding of this paper was that a yearly decay rate of 5.9% was found with respect to the
‘data available upon request’ statement, which implicates that data sharing is becoming
more common. Unfortunately, sharing of metagenomic data in the microbiology field was
found to be an exception to this trend, as its public availability has decreased over the past
years’. The reason for keeping data within a research group may be to ensure a consistent
stream of (high-impact) publications. The aforementioned issue of data being ‘available
upon request’ is in general a way of complying with journal policies while not always
having the intention of actually sharing raw data’. It should be stressed that this does not
apply to all researchers with such a statement in their paper, as many of them are willing
to share data without any specific requirement.

For the research conducted in this thesis, we have always made raw sequence data
and associated metadata publicly available (Chapter 6 — Chapter 9). For several
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manuscripts, we have also made all the applied statistical code and other necessary data
files available (Chapter 7 and Chapter 8), which further improves the reproducibility
and transparency of our work. In view of this, it is a good development that journals
are also changing their policies and require sharing and publishing of raw data and
associated statistical code upon publication!'?. For example, a journal can instruct authors
to make references to both the location of raw sequence data and to the location of all
applied code, ensuring reproducibility and findability. Such a journal policy was also
encountered in one of the studies in this thesis (Chapter 8). However, it is important
that journals, similar to the funding bodies as discussed below, also control whether data
is actually uploaded to public repositories in a FAIR manner. In any case, I hope that
more journals will follow the encouraging trend of data and code sharing, which will
allow the microbiome field to advance more quickly.

Improved sequence and metadata sharing will allow researchers to conduct higher-quality
meta-analyses, something that has proven to be crucial for establishing robust disease-
specific microbial signatures. For example, a large gut microbiome meta-analysis has
led to identification of Fusobacterium nucleatum as more prevalent and abundant in
colorectal cancer patients than in healthy controls, which was largely independent of
geography or technical variation'?. Also in this thesis (Chapter 5) we have been able
to profit from publicly available data, as we re-analyzed metagenomic data from eight
cross-sectional studies comparing gut microbiomes from colorectal cancer patients with
controls. Also for Chapter 6, several studies have been published in the meantime that
would allow for verification of our results and potentially a meta-analysis, but these
were unfortunately not published at the time of publication'* 5. When consistent results
are obtained from several cohort studies, this increases the degree of confidence of
findings, which can serve as an incentive, foundation and guide for conducting follow-
up experiments.

To tackle the aforementioned issues with regard to data sharing, there may be an
important role for both funding agencies and journals/editors to enforce stricter rules,
as outlined in editorials of the journals Nature in 2017 and Microbiome in 2018 16,
For example, funding agencies may include a requirement to make all generated data
publicly available immediately after publication. It is encouraging in this respect to see
that one of largest Dutch funders in medical research, ZonMw, has adopted the FAIR
guidelines for their funding calls and they strongly support open science'’. They have
even released a call in 2019 termed ‘Tackling antibiotic resistance by reusing data and
increasing FAIRness’, where the goal was to get a better grip on tackling antibiotic
resistance by reusing existing data resources'®. Importantly, funding agencies will
also have to dedicate resources to ensure compliance with data sharing and to provide
technical support, as a mere data sharing requirement has shown to be insufficient due
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to limited compliance!®. A similar role is reserved for journal editors with regard to
ensuring that authors comply with data sharing instructions, even though this may be
a time-consuming effort. While time-consuming, it has been found that studies with
publicly shared data get more citations on their work, an important metric for journals®®2!,

The ’modern’ biologist

The omnipresent availability of large data sets obtained from -omics technologies can
pose researchers without a quantitative or computational background with a lot of
challenges. In light of these developments, extensive collaboration between wet-lab and
dry-lab researchers is becoming more important to obtain a detailed understanding of
the generated data, which is also increasingly becoming clear in the microbiome field**
2, It remains of crucial importance that researchers in biomedical research fields have
some basic understanding of computational data processing for properly interpreting and
judging -omics data described in scientific papers. This is not a one-way street though,
as computational scientists also need to have at least a basic understanding of applied
experimental methods for making optimal use of the data**. However, as biomedical
research programs (BSc/MSc) at this point mostly offer traditional biomedical courses
like physiology, genetics and biochemistry, during which experimental methods and
wet-lab experiments are often part of the curriculum, it is necessary to incorporate more
in-depth data science and statistics courses that focus on analyses often performed in
-omics studies, such as principal component analysis®%’.

Functional characterization of the microbiome

Microbiome researchers have, thus far, mostly investigated taxonomic profiles of
microbial communities, e.g. through 16S rRNA gene amplicon sequencing and shotgun
metagenomics. However, this has a large disadvantage of not obtaining information
about the functional capacity of the microbial community, which is likely much more
relevant than taxonomy when investigating the microbiome’s relation with health and
disease?® ¥, For example, several studies have shown that the functional repertoire
encoded in metagenomes displays much higher sensitivity to perturbations than the
taxonomic profile’®*2, One of several reasons for the lack of functional analyses in the gut
microbiome field is the current scarcity of good and easy-to-use tools for this purpose®.
With the decreasing costs of sequencing techniques?, it becomes particularly important
to have reliable and informative computational tools to determine the functional capacity
of the microbiome. To the best of my knowledge, the first (and so far only) manual
curation of functional information for the gut microbiome was performed on Kyoto
Encyclopedia of Genes and Genomes (KEGG) annotations by the Raes group, which
were grouped into so-called gut metabolic modules®®. These curations mainly focused
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on microbial metabolism of carbohydrates, amino acids and lipids and are useful for
obtaining better understanding of the utilization of these three macronutrients by the gut
microbiome*®. However, for these gut metabolic modules to be more readily applicable
for (gut) microbiome research, modules with other metabolic pathways should be added,
e.g. pathways involved in bile acid and short-chain fatty acid metabolism.

In this thesis we systematically curated known carbohydrate-active enzymes (CAZymes)
involved in glycan breakdown and grouped these into several functional categories
(Chapter 5). Such an annotation is not only much more intuitive and easier to interpret
than a list of CAZyme families, but it can also reduce the number of features when
analyzed at a different level. As the number of features (CAZymes in this case) is
collapsed into approximately 100x fewer functional categories, this lowers the chance
for finding false negatives due to multi-error correction. While multi-error correction
may not be a major problem for CAZymes yet, since approximately ~700 CAZyme (sub)
families are currently known, functional annotation using KEGG families can easily
provide researchers with thousands of features and lists of genes from metagenomes
can even result into millions of features per sample. Importantly, obtaining substrate
information through CAZyme annotation allows for analyses that are not common in the
microbiome field, but have proven their value in the transcriptomics field by detecting
up or downregulated pathways in e.g. different types of leukemia, amongst many other
discoveries**3. An example of such an analysis technique is gene set enrichment analysis
(GSEA), which can also be applied to the microbiome field (Chapter 5)**. GSEA mainly
derives its strength from grouping genes into informative functional pathways (or in
the case of CAZymes, into substrates). This has several major advantages over testing
single features. For example, when testing individual genes there may be no significant
differentially abundant genes, but all genes may show a trend towards a specific effect.
When grouping these genes into functional pathways, a very significant effect at the
pathway level may become apparent, which is in any case much more informative than
gene-by-gene testing**37. The opposite may also happen, where a researcher observes
many significantly differentially expressed genes, challenging the identification of
commonalities across all the genes and only experts in the field may be capable of
identifying and interpreting these correctly at the functional level. While GSEA(-like)
tools and manually curated annotations are almost non-existent in the microbiome field,
I am convinced that this is the future of functional metagenomics and will allow for a
much more detailed understanding of the functional capacity of microbial communities
and its relation to health and disease.

In recent years, other -omics techniques such as metabolomics and, to a lesser extent,

metatranscriptomics and metaproteomics have been used to get information on the
actual activity of the microbiome (Chapter 1)?*3%*°. We had the opportunity to perform
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metabolomics in our study investigating the associations between enteric colonization
of ESBL-producing Escherichia coli and the microbiome and metabolome (Chapter 9).
While in this study the metabolomics data confirmed the results of the metagenomics (no
differences between the groups), we previously experienced in a collaborative project
on the effects of the herbicide glyphosate on the gut microbiome, that metabolomics
can be very powerful to detect functional differences between groups at the level of
metabolic pathways and may be more sensitive than metagenomics*. As we did not
detect any differences between individuals colonized with ESBL-producing E. coli and
non-colonized individuals with either metagenomics or metabolomics in Chapter 9, we
did not take the next step of integrating both data sets, which could have provided more
insight in case differences would have been found*. The importance of metabolomics
for studying functionality of the microbiome is also reflected by the fact that multiple
research groups have built tools that allow for prediction of metabolite concentrations
based on metagenomic sequence data*> *. With regard to metatranscriptomics and
metaproteomics, we unfortunately did not apply these techniques during the research
described in this thesis. These techniques have already been successfully used to increase
understanding of microbial alterations in the gut in Type I Diabetes Mellitus (T1DM)
patients on taxonomic and functional level* and to reveal differences in transcriptional
activity in microbes over time in IBD patients®. Nevertheless, significant challenges
remain for both techniques to be overcome before they can be more widely implemented
in microbiome research in the coming years*,.

Microbiome-mediated colonization resistance

Microbiome-mediated colonization resistance is a relevant topic from both a therapeutic
and evolutionary point of view, and its importance for health and disease is already
recognized for many decades*“’. From a therapeutic perspective, obtaining a detailed
understanding of microbiome-mediated colonization resistance against a microorganism
can pave the way for targeted restoration of colonization resistance to eradicate or prevent
colonization by this microorganism. With regard to the more evolutionary aspects, it is
imperative for our understanding of microbial community dynamics in general to define
what is necessary for a community to outcompete a specific microorganism. In this thesis
we provided an extensive overview of the mechanisms through which the microbiome
can confer colonization resistance (Chapter 2). A very recent, breakthrough finding
that builds upon the concept of colonization resistance is that the resistance conferred
by the gut microbiome to an infection can be strengthened by having contracted a prior
infection®. It was shown that an initial infection of Yersinia pseudotuberculosis (a
food-borne pathogen) could protect against subsequent colonization and infection by
other potential pathogens, like Klebsiella pneumoniae. The initial infection rewired the
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microbiome such that taurine, an intermediate in bile acid metabolism, was produced
in higher amounts. Taurine was subsequently converted into antimicrobial sulfide,
which in turn inhibited K. pneumoniae respiration by limiting access to oxygen through
inhibition of enzymes involved in aerobic electron transport chains®. This effect could,
importantly, be replicated in a mouse model infected with enteropathogenic Citrobacter
rodentium, providing further support for the hypothesis that taurine can enhance
colonization resistance by restricting pathogen respiration. It should however be noted
that the gut microbiome-mediated effect could not be fully uncoupled from the host
immune response™.

In this thesis we aimed to identify bacteria that could play a role in providing colonization
resistance against enteropathogens or MDROs (Chapter 6 — Chapter 9) (Figure 1 Step
1). We identified several bacterial taxa (e.g. Fusicatenibacter and Eubacterium hallii)
associated with protection against C. difficile colonization (Chapter 6) and several
bacterial taxa (Dorea, Atopobiaceae and Lachnospiraceae ND3007 group) associated
with protection against MDRO colonization. However, these findings were not
followed-up with more targeted experiments (Figure 1, Step 2 and Step 3), which leaves
the question whether these bacteria actually play a causative role unanswered. In sharp
contrast, we did not find associations pointing towards a role for the microbiome in
mediating protection against infection caused by N. americanus (Chapter 7) or against
asymptomatic colonization of ESBL-producing E. coli (Chapter 9).

With the successful implementation of fecal microbiota transplantation (FMT) for
treating recurrent Clostridioides difficile infection (rCDI) almost a decade ago, it was
expected that restoring colonization resistance through defined microbiome-based
therapeutics would soon replace FMT as a treatment for rCDI*2. Despite the extensive
research that has been performed since, this has not yet led to widespread microbiome-
based therapeutic intervention options (as is the case for the microbiome field in
general)®®. In my opinion this can mainly be attributed to study design and subsequent
computational analyses issues and to the lack of follow-up wet-lab experiments and
mechanistic research.
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-Omics profiling and statistical analysis

Differentially abundant bacteria potentially
representing therapeutic targets

Computational analyses of MAGs or isolate
genomes of target bacteria

Step 2

Candidate bacteria for subsequent
testing in clinical studies

Figure 1: Workflow of studies in this thesis investigating microbiome-mediated colonization
resistance and suggestions for follow-up research directions. In this thesis, studies were limited
to the first step in the infographic, namely -omics profiling and identifying bacteria that may
represent potential therapeutic targets, but no follow-up computational or wet-lab experiments
have been performed. Follow-up computational experiments should involve analyses of the
genomes of the bacterium of interest and understanding their encoded metabolic capacities (Step
2). After obtaining a detailed picture of such encoded capacities of the bacterium of interest,
targeted in vitro and in vivo experiments can shed further light on the antagonistic actions against
the potential pathogen. In vitro experiments can include co-culture of the bacterium of interest
with the potential pathogen and in vivo experiments can include colonizing an animal with
the potential pathogen and subsequently administering the bacterium of interest to investigate
whether this leads to eradication of the potential pathogen (Step 3). Red bacteria indicate potential
pathogenic bacteria, while yellow, purple and blue bacteria indicate potential bacteria of interest.
The A. hadrus genome image was obtained from Zhang et al.'.
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The importance of study design and targeted follow-up computational analysis

Currently, there are too many studies which do not have an appropriate study design
to make strong conclusions about which bacteria/microorganisms can potentially be
protective against, or contribute to, a specific disease or pathogen colonization. It
becomes increasingly clear that it is important to control for confounding factors in
the study design, as many clinical variables have been shown to significantly affect
gut microbiome composition” * 3, A classic example illustrating the importance of
uncoupling confounders is the original report that individuals with Type 2 Diabetes
Mellitus (T2DM) had a very different gut microbiome as compared to healthy

individuals?®®

. However, a later publication showed that metformin, the first-line treatment
for T2DM, usage was a very strong confounder and could explain the majority of the
microbiome-modulating effect previously thought to be explained by having T2DM or
not. The authors of this paper also strongly recommend future studies to disentangle
effects of medication from effects of disease”’. In this thesis, we could also not always
fully dissociate effects of disease or colonization status from confounding factors
(Chapter 6 and Chapter 8). While in most epidemiological studies one can correct for
confounding factors using (advanced) statistical models, there are no known statistical
frameworks which can incorporate confounding variables for microbiome research.
Ideally, one would have access to large enough cohorts so that sample selection can be
applied to select for the phenotype of interest and to simultaneously exclude individuals
positive for variables known to affect the microbiome. In cases of more severe disease,
it is often not possible to exclude confounders such as medication use in the investigated
population. In these cases it is possible to match cases against controls for more general
confounders like age and sex, to at least minimize their effect on the obtained results’.
Using samples from a large cross-sectional Dutch population cohort (“Pienter cohort”),
we had the opportunity to select individuals who were negative for many microbiome
confounders while positive for our phenotype of interest (ESBL-producing E. coli
colonization) and could afterwards match them based on age, sex, travel history and
ethnicity to individuals negative for our phenotype of interest (Chapter 9). While
previous research has not taken confounders into account and showed several bacteria
to be associated with MDRO protection (Chapter 8 and % %), we demonstrated that
there is no difference in the gut microbiome and metabolome between ESBL-producing
E. coli colonized individuals versus those who are not colonized. This also suggests
that microbiome-based therapeutics may not be as effective against ESBL-producing
E. coli as they potentially are against other antibiotic-resistant bacterial species, such
as vancomycin-resistant Enterococcus (VRE) (further discussed in the next paragraph).

After identifying bacteria that may be important in providing colonization resistance,

follow-up research with more targeted computational and wet-lab analyses is warranted
(Figure 1). To illustrate this point I will take the example of our recent finding that
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the anaerobic and butyrate-producing bacterium Anaerostipes hadrus, amongst other
bacterial species, was significantly associated with protection against C. difficile
colonization (unpublished data, Figure 2).
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Figure 2: Comparison of A. hadrus relative abundance in n = 31 rCDI patients treated with FMT.
Relative abundance on a log10 scale is indicated for post-FMT patients based on their status of
being C. difficile culture positive or negative and only patients with detectable 4. hadrus levels
are shown. Seventeen of 21 samples culture-negative for C. difficile had detectable A. hadrus
and 5/10 samples with a positive culture had detectable 4. hadrus) (A). We further investigated
whether this could be linked to a potential FMT donor effect, but this was not the case, as all
patients were treated with donors whose microbiome contained 4. hadrus (B). Each colored line
represents the relative abundance of 4. hadrus in an individual patient, pre- and post-FMT with
the corresponding donor relative abundance of 4. hadrus.

Ideally, the genomes and/or metagenome-assembled genomes (MAG)s of A. hadrus
would be downloaded from public repositories and be extensively analyzed for potential
antagonistic effects against C. difficile (Figure 1 Step 2). This could entail confirming
or investigating mechanisms that are known to inhibit C. difficile, such as the presence
of enzymatic machinery encoded for secondary bile acid conversion. A more generic
approach could also be used. For example, one could annotate the A. hadrus genomes
for biosynthetic gene clusters, which may encode for secondary metabolites that
are involved in pathways or in mechanisms known to have an antagonistic function
against C. difficile®®**. While such an approach sounds straightforward, this has long
been impossible due to difficulties in culturing many common gut bacteria. In the
past two years, however, several public repositories of MAGs have greatly expanded
the availability of genomes of difficult-to-culture gut bacteria®***. By leveraging this
extensive genomic information, more targeted wet-lab experiments can be performed
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to investigate and verify hypothesized mechanisms based on genomic data, as for many
common gut bacteria very little is currently known with regard to their functional

capabilities®®. For example, if a putative bacteriocin-producing biosynthetic gene cluster
in A. hadrus would be identified based on genomic data, one could attempt to purify the

bacteriocin and directly test the effect of this bacteriocin on C. difficile.

Wet-lab research is necessary to elucidate a potential causative role for a bacterium
in providing colonization resistance

After performing extensive computational analysis, mechanistic research in the wet-lab
and in animal models is imperative to investigate if identified bacteria are really, and
not only predicted to be, involved in providing protection against a given pathogen
(Figure 1 Step 3). Such mechanistic research is non-trivial, as one will have to decide on
many parameters such as pH, oxygen levels, incorporation of different cells occurring in
the human gut (e.g. enterocoytes and goblet cells), growth of a functional mucus layer
etc®”%. Ideally, conditions should be as representative of the human gut as possible.
An important discovery in recent years is the capability of growing organoids from
almost any human tissue, including the human gut™”'. These organoids allow for more
realistically mimicking the human gut and have been used to study the pathogenesis of
various enteropathogenic bacteria, including Salmonella enterica and C. difficile’™ ™. In
addition, intestinal organoids have been used to identify a specific mutational signature
caused by colibactin-producing E. coli and this mutational signature was subsequently
detected in 10-20% of the investigated colorectal cancer genomes™. However, a
complication in the organoid field is to incorporate the interactions of a complex human
gut microbiome, which is currently one of the most difficult challenges to tackle’ 7.
It should be mentioned that both the targeted computational analysis of genomes of
potentially promising bacteria and the in vitro verification of hypothesized mechanisms
involved in microbiome-mediated colonization resistance are unfortunately lacking in
this thesis. However, we have started investigating antagonistic actions of 4. hadrus,
Eubacterium rectale, Dorea longicatena and Butyricicoccus faecihominis against C.
difficile in vitro (unpublished data). Based on known functions of these bacterial species,
we hypothesize that these antagonistic actions may be related to SCFA production and /
or changes in gut pH and this is currently work in progress.

The group of Eric Pamer has performed various studies in the field of gut microbiome
and colonization resistance at the mechanistic level. This research can serve as an
example of moving beyond initial observations of differences in gut microbiota towards
targeted development of bacterial consortia based on mechanistic understanding. Two
of the early publications on VRE and the gut microbiome from this group identified
that intestinal domination of VRE (as measured by enterococcal relative abundance
by 16S rRNA gene amplicon sequencing) often preceded bloodstream infections
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in patients undergoing allogenic hematopoietic stem cell transplantation’ 7. These
findings were followed up by an elegant mouse study which showed that restoration
of the gut microbiome of antibiotic-treated mice could restore colonization resistance
against VRE, and that especially the Barnesiella genus was associated with clearance
and reduction of VRE from the intestinal tract’. This was followed up by another mouse
study which did actually not show an important role for a Barnesiella species, but for
for Blautia producta and Clostridium bolteae instead. Mechanistically, it was further
shown that a four-strain bacterial consortium (including B. producta and C. bolteae)
was able to reverse antibiotic-induced susceptibility to VRE infection in mice”. An
important aspect of the underlying mechanism of this cocktail was the production of a
bacteriocin, a lantibiotic, by B. producta®. In patients at high risk of developing VRE
infection, high abundance of this specific lantibiotic gene was associated with reduced
E. faecium density®. Importantly, a patent has recently been filed for a consortium
of bacteria including B. producta and C. scindens (see https://patents.justia.com/
patent/20210000887) to reduce the burden of VRE infections in (vulnerable) patient
groups. In addition, based on their findings, the Pamer group has performed translational
research illustrating the importance of the gut microbiome against infection in stem cell
transplant patients. In 2018, they published a study where auto-FMT was administered
after successful stem cell engraftment®'. This procedure was able to restore antibiotic-
induced microbiome damage, accelerated restoration of neutrophil, monocyte and
lymphocyte counts and was shown to be safe®!: 2. Considering that the auto-FMT was
generally shown to restore the gut microbiome (although this was not the case in all
patients), it may therefore play a role in restoring colonization resistance against enteric
pathogens and possibly MDROs. However, we are still awaiting results of whether
auto-FMT resulted in lower infection rates and decreased graft versus host disease®'.
Noteworthy, none of the patients in the control group (not receiving an auto-FMT)
recovered their gut microbiome in the same time period, even though they had a similar
microbiota diversity at baseline and a similar drop during antibiotic treatment®!.

While this work is impressive and resulted in the recognition of bacterial consortia
that are able to provide colonization resistance, it remains to be demonstrated whether
such an intervention results in VRE eradication in immunocompromised patients, like
stem cell transplant patients. Secondly, safety is a concern, as it has been previously
reported that probiotic capsules containing Lactobacillus, which is generally considered
a harmless commensal, can lead to a significantly higher chance of developing
Lactobacillus-caused bacteremia in intensive care unit patients®*. While safety trials for
live biotherapeutic products (LBPs) generally do not report many adverse events, such
trials have not yet been conducted in severely immunocompromised patients®* *.
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Future therapeutic strategies for treating colonization and
infection by bacterial enteropathogens and MDROs

Past and current therapeutic strategies for treating infection by bacterial enteric
pathogens (e.g. C. difficile) and MDROs have largely been based on antibiotics.
Asymptomatic colonization of MDROs is generally not treated, since the administration
of antibiotics has various disadvantages and is not effective for MDRO eradication’ %,
There are some reports which it is described that individuals colonized with C. difficile
have a higher risk to develop an infection and spread this bacterium to other patients®”-%.
However, it is not advised to treat asymptomatic C. difficile colonization with antibiotics,
as this might also trigger an environment where C. difficile spores persist and are able
to germinate and cause infection. However, patients with multiple recurrent CDI have
a disturbed gut microbiome and an intervention with only antibiotic treatment fails.
Since the landmark study of van Nood et al., FMT has become the best treatment
option for rCDI patients, but so far rCDI is the only disease for which FMT is an
accepted treatment™. All other indications for which FMT is investigated as a treatment
are in an experimental or last-resort setting®. Also at the LUMC, FMT is applied in
experimental and last-resort settings, with pilot studies being underway for IBD, for
improving efficacy of checkpoint inhibitors in cancer patients, but also for metabolic
disorders such as non-alcoholic fatty liver disease and non-alcoholic steatohepatitis
and for neurological diseases such as hepatic encephalopathy and Parkinson’s disease
(dr. Liz Terveer and prof. dr. Ed Kuijper). One of the difficulties with using FMT as a
therapeutic option, is that it is poorly defined as not all components are known and the
quality and composition cannot be guaranteed to be consistent (Chapter 3)°'. It is for
this reason that in the coming years and decades it is expected that we will move away
from administering undefined therapeutics (FMT) towards using live biotherapeutic
products (LBPs), which are defined consortia of microorganisms (most often bacteria),
or to other, well-defined microbiome therapeutics®'.

Live biotherapeutic products (LBPs)

At the start of my PhD trajectory in January 2018 (and already before that), it was
expected that LBPs would quickly replace FMT as a therapeutic intervention against
rCDI (and subsequently other diseases)®®. LBPs have a theoretical advantage over the
use of antibiotics for treating bacterial infections, as antibiotic treatment comes with
the downside of selecting for antibiotic-resistant pathogens and negatively affecting the
gut microbiome®'. However, no LBPs have been implemented in patient care to date,
but the expectations for their therapeutic application remain very high (Chapter 3)°'.
This is further illustrated by the fact that there are currently 17 clinical trials registered
at clinicaltrials.gov, which investigate the potential of LBPs for highly divergent
indications such as different types of cancer, rCDI, asthma, kidney disease and obesity.
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I still expect that LBPs will ultimately replace FMT for treatment of rCDI with a similar
cure rate of ~90%%, but for other indications expectations should be tempered. While
the cause of rCDI is strongly related to a disturbed gut microbiome, diseases like IBD
are multifactorial with heavy involvement of the immune system and environmental
factors®. This is the prime reason why I expect that LBPs for diseases with such a
multifactorial etiology will be far less successful. This is currently also shown by the
contradictory results for FMT trials against IBD and IBS*, especially since current
LBPs are developed based on a ‘one-size fits all’ approach. This one-size fits all approach
is not likely to achieve a very high cure rate for such multifactorial diseases. It is also
very likely that specific commensal bacteria will elicit differential immune responses
across patients with different diseases”. In the oncology field, checkpoint inhibitors
have revolutionized cancer treatment and the Nobel Prize of 2018 has been awarded to
James Allison and Tasuku Honjo for their discovery'®. However, ‘only’ 20% of patients
with melanoma treated with checkpoint inhibitors achieves full remission!®!. It should
be mentioned that this group of patients would likely not have survived long without
checkpoint inhibitors, which is a crucial difference for defining success as compared to
IBD or IBS. This is one of the reasons why the recent discovery that the gut microbiome
may affect efficacy of immune checkpoint inhibitors was so important'®>1%, Although
the exact mechanisms by which the microbiome potentially mediates this effect remain
unknown, and different studies report different bacteria to be involved, there may be a
role for the microbiome in favorably altering immune cell subsets!®. Interestingly, in a
study where FMT was administered to potentially improve checkpoint inhibitor efficacy
in metastatic melanoma patients, donor feces were used from two patients who had
previously been treated with checkpoint inhibitors and had achieved clinical remission
for more than a year. Subsequent treatment success was only observed using one specific
donor, but the underlying reason remained unclear'®. To conclude, I believe that LBPs
will eventually replace FMT for the treatment of rCDI, but we should not expect them to
be miracle drugs capable of achieving cure rates of ~90% for other indications.

(Targeted) prebiotics

Prebiotics have been defined as “a substrate that is selectively utilized by host
microorganisms conferring a health benefit” by a group of international experts!®.
Following from this definition, suppressing a pathogen may be possible through
stimulating potentially antagonistic bacteria by providing the necessary substrates and
thereby creating a gut environment unfavorable for enteropathogens, for example by
increasing anaerobicity of the gut'®, This could theoretically be achieved by providing
‘good’ bacteria with targeted substrates so that they will obtain a competitive advantage
and thereby outcompete the pathogen or prevent the pathogen from colonizing in
the first place. However, it must be noted that prebiotics (like probiotics) have not
met the expectations yet and little to no evidence is available to support their use in
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gastrointestinal disease!”” 1%, It is likely that for prebiotics to be more effective, the
provided prebiotic should specifically be metabolized by bacteria in the gut that may
contribute to reduction of disease burden. In almost all cases, prebiotics are dietary
fibers which are not targeted to specific gut microbes. One interesting example where a
dietary fiber (acetylated galactoglucomannan) was provided to match specific enzymatic
machinery present in Roseburia and Faecalibacterium species was performed in pigs.
This was not related to investigating suppression of a pathogen and rather serves
as an example of how to match dietary fiber to bacterial enzymatic machinery'®.
Faecalibacterium relative abundance indeed increased post-intervention, but the effects
on Roseburia relative abundance were less clear. To further investigate this, MAGs were
assembled and it was noted that only a small subset of Roseburia MAGs contained the
necessary enzymatic machinery for metabolizing acetylated galactoglucomannan. These
MAGs indeed increased in abundance during the intervention, but this was not the case
for Roseburia MAGs lacking the necessary enzymatic machinery. From a more general
perspective, a ‘butterfly’ effect was observed whereby widespread community effects
occurred through e.g. cross-feeding of products from dietary fiber fermentation'”. This
butterfly effect will likely occur in clinical settings in patients and therefore it remains
unknown whether currently available prebiotics are potentially suitable for targeted
intervention against pathogens, or can rather be used for inducing broad structural
changes in the microbiome (or both). With the current scarcity of data with regard to
the effect of targeted modulation of the gut microbiome through prebiotics, it is hard
to foresee how this field will develop. Ideally, at least from a theoretical perspective,
one would administer an LBP with specific prebiotics that are exclusively metabolized
by members of that LBP and thereby create a competitive advantage to facilitate
colonization.

Synbiotics

Administration of an LBP together with specific prebiotics, which are ideally metabolized
by strains in the LBP, are called synbiotics. The theoretical advantage of synbiotics over
LBPs or prebiotics is that the strains will gain a competitive advantage through substrate
utilization and this would likely enhance the chance of successful engraftment, which
has already been shown in rodent models''® ', For example, Kearny et al. identified
a resource, the edible seaweed nori, highly unlikely to be used by bacteria in the lab-
mouse gut. They subsequently reasoned that if a microorganism would be introduced
into the system during supplementation of seaweed, this microorganism would have
a competitive advantage. Indeed, when administering a specific Bacteroides plebeius
strain capable of porphyran (a polysaccharide present in secaweed) degradation in
combination with seaweed supplementation, B. plebeius engrafted successfully long-
term!".
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While synbiotics seem extremely promising, they are not trivial to produce from
a technical point of view, as these strains will need to have very specific metabolic
capacities. Preferably, one would like to isolate such strains from humans and not obtain
them by genetically modifying bacteria, as this would pose a lot of extra regulatory
hurdles'2. On the other hand, by genetic modification of bacteria there is potential to cure
a larger variety of diseases, including diseases that do not have a microbial origin, such
as phenylketonuria!3'**. Phenylketonuria patients are unable to metabolize the amino
acid phenylalanine and prolonged consumption of this amino acid can result in severe
neurological damage. The idea of using bacteria (next to a protein-restricted diet) to
treat this condition is to administer bacteria that specifically metabolize this amino acid
and thereby prevent its accumulation. In addition, the large inter-individual variation
in gut microbiomes of humans will likely not allow for a ‘one-size fits all” approach,
as different microbiomes will compete differently with newly introduced strains and
have different metabolic capacities. However, if major advances can be made and rare
enough substrates can be identified to improve chances of colonization of introduced
strains (see the seaweed example in the previous paragraph), there may be potential for
development and implementation of synbiotics in the clinical setting.

Strengths and limitations

Before coming to the concluding remarks, I would like to take this opportunity to discuss
some of the general strengths and limitations of the research described in this thesis.

Two major strengths of this thesis are 1) the versatility of topics and thereby the
contributions to different branches of the microbiome field and 2) the progress to much
more complex analysis techniques throughout the past ~3.5 years, which allowed me
to more successfully extract information about the underlying biology. Most of the
chapters in this thesis are devoted to the overarching theme of microbiome-mediated
colonization resistance. The chapters range from studies aiming to identify bacteria
and metabolites involved in providing colonization resistance, to studies describing the
current understanding of the opportunities and challenges necessary for development
of LBPs. These varied topics allowed me to obtain in-depth understanding of the many
facets of the microbiome field including technical aspects, the implications for biology
and medicine and the requirements for developing microbiome-based therapeutics. The
fact that I was allowed to work on different potentially pathogenic (micro)organisms
(C. difficile, the hookworm N. americanus and MDROs) enabled me to get a broader
overview of infectious diseases than by concentrating on a single (micro)organism and
this also facilitated extensive collaboration with different research groups. Furthermore,
this thesis includes two technical-oriented chapters describing the effects of technical
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variation on obtained microbiota profiles (Chapter 4) and the development of a new
tool for profiling CAZymes from shotgun metagenomic data (Chapter 5). The research
described in these chapters required a different approach than the clinical studies, as the
underlying research questions were not directly related to biology and medicine, but
were rather aimed at method optimization.

Over the course of conducting the research described in this thesis, the applied
techniques moved from 16S rRNA gene amplicon analysis to shotgun metagenomics
and metabolomics. The first two studies, chronologically speaking, performed during
my PhD (Chapter 4 and Chapter 6) merely involved 16S rRNA gene amplicon
sequence data analysis and were limited to a single time point. We subsequently moved
to longitudinal study designs (Chapter 7 and Chapter 8), metagenomics (Chapter 5,
Chapter 8 and Chapter 9), metabolomics (Chapter 9) and machine learning approaches
(Chapter 5 and Chapter 9). The longitudinal studies allowed for investigating
the consistency of microbiota patterns over time and to apply longitudinal analysis
techniques. By integrating metagenomics and metabolomics with machine learning
approaches, identification of potential biomarkers for a given phenotype becomes
more likely and reliable than by only performing differential abundance analysis and
taxonomic profiling through 16S rRNA gene amplicon analysis. Together, the variety of
study designs required me to obtain knowledge of different statistical methods and their
strengths and limitations, something which greatly contributed to my development and
current knowledge.

There are also several weaknesses and things that I would have approached differently
had I possessed the knowledge I currently have at the start of my PhD trajectory. The
major weakness of the current thesis is that the mostly associative studies have not been
followed up by more targeted genomic analyses of bacteria of interest nor by mechanistic
wet-lab research. This holds particularly true for the findings described in Chapter 6,
where bacterial taxa with the potential to inhibit C. difficile were identified. In light of
this, we performed another in silico study where shotgun metagenomes of rCDI patients
post-FMT were compared and where one group remained colonized by C. difficile and
patients in the other group fully eradicated C. difficile (unpublished data). 4. hadrus, E.
rectale, B. faecihominis and D. longicatena were identified to be more abundant in the
non-colonized group. Fortunately, these bacteria are currently being further investigated
or their potential antagonistic effect against C. difficile at the Experimental Bacteriology
group of LUMC. Second, I would have liked to include machine learning approaches
in Chapter 6 to investigate whether C. difficile colonization status could reliably be
predicted. If the conducted differential abundance analysis and desired feature selection
through machine learning shows the same bacterial taxa to be important in protection
against C. difficile colonization, this would have made our findings more robust. A third
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weakness of this thesis is that our studies were exclusively focused on the interactions
of enteropathogens or MDROs with the gut microbiome without taking into account any
parameters about host immunity function, as this was outside the scope of this thesis.
Interactions between host immunity and the gut microbiome, an enteropathogen or an
MDRO are complex but necessary for a detailed understanding of infectious disecases
processes®™ "¢118 Fourth, in this thesis we have always relied on fecal samples to
investigate the gut microbiome. As was discussed in Chapter 7, fecal samples may not
be representative for what happens at the mucosal surface of the intestinal tract and this
is especially relevant when studying microorganisms which cause infections in other
parts of the intestine than the colon. Indeed, the fecal microbiome can differ a lot from
the microbiome in other locations of the intestine!'*!?!. Lastly, I would like to touch
upon my experience of analyzing microbiome data from studies that were not always
specifically set up for conducting microbiome analyses (Chapter 6 — Chapter 8). For
future studies with microbiome analyses, it will be important to involve a microbiome
researcher as early as possible at the design of the study. By doing so, appropriate
research questions can be formulated a priori, and most importantly, the microbiome
researcher can aid in deciding on the appropriate study design to answer these research
questions. In addition, advice can be provided on more practical issues like sample
collection, storage and subsequent processing steps (Chapter 4).

Concluding remarks

The projects described in this thesis are diverse, ranging from methodology optimization
to investigating the gut microbiome in clinical cohorts with the goal of finding bacteria
associated with providing microbiome-mediated colonization resistance against
enteropathogens and MDROs.

While many issues in microbiome research need to be addressed and numerous open
biological questions remain, I excitedly look forward to the future of microbiome
research and hopefully towards the implementation of the first rationally designed
microbiome-based therapeutics into the clinic in the coming years.
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Onderzoek naar het darmmicrobioom, de verzameling van micro-organismen in
de darmen, is de afgelopen jaren enorm toegenomen door de vele ontdekkingen
die de cruciale rol van het microbioom op de menselijk gezondheid benadrukken.
Het darmmicrobioom is bijvoorbeeld belangrijk voor het produceren van bepaalde
essenti€¢le vitamines, het fermenteren van voedingsvezels die door de mens zelf niet
kunnen worden afgebroken en het trainen van het immuunsysteem. Bovendien is het
verlenen van kolonisatieresistentie een zeer belangrijke functie die het microbioom kan
vervullen. Microbioom-gemedieerde kolonisatieresistentie houdt in dat het microbioom
voorkomt dat potenti€le pathogenen of exogene micro-organismen zich in de darm
vestigen en een infectie veroorzaken. Er zijn vele mechanismen bekend waarmee het
microbioom kolonisatieresistentic kan verlenen. Voorbeelden hiervan zijn competitic om
plaats en nutriénten, het produceren van antimicrobiéle stoffen en de interactie met het
immuunsysteem. Echter, deze mechanismen, en daarmee de beschermende rol van het
microbioom tegen pathogenen, kunnen negatief worden beinvloed door verschillende
factoren, waaronder het gebruik van antibiotica. Hoewel antibioticagebruik miljoenen
levens heeft gered door het succesvol bestrijden van bacteri€le infecties, heeft het een
keerzijde vanwege mogelijk ernstige beschadiging van het darmmicrobioom.

Door het veelvuldige gebruik van antibiotica in de afgelopen decennia komt er ook
steeds meer aandacht voor het gevaar van bijzonder resistente micro-organismen
(BRMO). Dit uit zich ook in de vorm van speciale onderzoeksprogramma’s met het
thema antibioticaresistentie die nationale onderzoeksinstituten momenteel hebben.
Behalve dat BRMO’s ernstige en moeilijk te behandelen infecties kunnen veroorzaken,
is er ook een grote groep mensen die asymptomatisch gekoloniseerd is met een BRMO en
daarmee niet alleen bijdraagt aan ongemerkte verspreiding, maar ook een verhoogd risico
loopt op het ontwikkelen van een infectie veroorzaakt door de BRMO. Een mogelijke
verklaring voor het feit dat het grootste deel van de asymptomatisch gekoloniseerde
mensen geen infectie oploopt, is dat het microbioom in deze situatie voorkomt dat de
BRMO kan uitgroeien, hoewel andere factoren, zoals het immuunsysteem, tenminste
even belangrijk zijn. Het is van belang meer inzicht te krijgen in dit proces. Idealiter
zou men begrijpen welke micro-organismen of welke functies in het microbioom
van asymptomatisch gekoloniseerde mensen ervoor zorgen dat zij geen infectie
ontwikkelen, terwijl dat bij anderen wel gebeurt. Dit zou op termijn kunnen leiden tot
de ontwikkeling van specifieke microbioom-gebaseerde medicijnen die zulke infecties,
of zelfs asymptomatische kolonisatie, kunnen genezen of voorkomen.

Het onderzoek beschreven in dit proefschrift is uitgevoerd met als doel darmbacterién te
identificeren die een rol kunnen spelen in het verlenen van kolonisatieresistentie tegen

280



NEDERLANDSE SAMENVATTING

potentiéle pathogenenen BRMO’sinhet maag-darmkanaal. Ditproefschriftbestaatuitdrie
delen. Indeel 1 vandit proefschrift wordt microbioom-gemedieerde kolonisatieresistentie
besproken vanuit een theoretisch perspectief en wordt samengevat wat momenteel de
uitdagingen en mogelijkheden zijn voor het ontwikkelen van microbioom-gebaseerde
therapieén. In deel 2 wordt dieper ingegaan op de methodiek voor zowel laboratorium-
gebaseerde als computer-gebaseerde technicken om microbioomanalyses optimaal uit te
kunnen voeren. Ten slotte worden in deel 3 verschillende klinische studies beschreven
die zijn uitgevoerd om mogelijk beschermende darmbacterién te identificeren.

Deel 1: Mechanismen van microbioom-gemedieerde kolonisatieresistentie en hoe
microbioom-gebaseerde therapieén te ontwikkelen

Het concept dat het darmmicrobioom belangrijk is ter verdediging tegen darminfecties
met enteropathogene micro-organismen is al lange tijd bekend. In hoofdstuk 2
worden de verschillende mechanismen die bijdragen aan microbioom-gemedieerde
kolonisatieresistentie in detail besproken, zoals de productie van antimicrobiéle stoffen en
competitie om nutriénten. Een belangrijk nieuw deel van het microbioomonderzoeksveld
is het effect van medicijnen op de werking van het microbioom (en andersom ook
het effect van het microbioom op de effectiviteit van medicijnen). Dit nog zeer
nicuwe onderzoeksveld wordt pharmacomicrobiomics genoemd. Om deze redenen
worden de effecten van verschillende, veelgebruikte medicijnen, zoals metformine
en maagzuurremmers, op kolonisatieresistentie beschreven. Hoewel het belangrijk is
om, vanuit het perspectief van het microbioom, onderliggende werkingsmechanismen
die leiden tot kolonisatieresistentie te begrijpen, is het ook cruciaal om te weten hoe
enteropathogenen deze mechanismen kunnen omzeilen. Om deze reden wordt voor
acht veel voorkomende enteropathogene bacterién uitgebreid beschreven hoe zij deze
verdedigingsmechanismen ontwijken.

In hoofdstuk 3 wordt ingegaan op wat er nodig is voor het ontwikkelen en produceren
van microbioom-gebaseerde therapieén, met de nadruk op consortia van levende
bacterién (live biotherapeutic products; LBP’s). Hiervoor is samengewerkt met één
van de leiders in dit veld, het Amerikaanse biotechbedrijf Vedanta Biosciences. Met dit
bedrijf heeft de afdeling Medische Microbiologie een wetenschappelijk samenwerking
om een optimaal LBP voor patiénten met recidiverende Clostridioides difficile infectie
te ontwikkelen die de feces microbioom transplantatiec (FMT) kan vervangen. Er
is een product ontwikkeld van acht bacteriesoorten die op dit moment (2021) in een
fase 2/3 onderzoek wordt getest. De twee voornaamste voordelen van het potentieel
gebruik van LBP’s ten opzichte van FMT is geen risico van overdracht van ongewenste,
onbekende en potentieel schadelijke bacterién met metabole producten en de toediening
van een goed omschreven en gekarakteriseerd product. Met name de overdracht van
multiresistente en (entero)pathogene bacterién zijn door de Amerikaanse FDA herkend
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en vereisen speciaal ingerichte en gespecialiseerde centra (zoals de Nederlandse Donor
Feces Bank; NDFB) die deze behandeling zonder risico’s kunnen aanbieden.

Deel 2: Optimaliseren en standaardiseren van computationele en laboratorium-
technieken voor microbioomonderzoek

In de afgelopen jaren is gebleken dat de technieken die worden gebruikt voor
microbioomanalyses, zowel laboratorium- als computer-gebaseerde technieken, het
uiteindelijke microbioomprofiel sterk kunnen beinvloeden. In hoofdstuk 4 wordt
beschreven wat het effect is van verschillende DNA-extractiemethoden en verschillende
analysesoftware op het microbioomprofiel. Hoewel de analyseprogramma’s ongeveer
gelijk presteerden, werden er wel verschillen in prestatie gevonden tussen DNA-
extractiemethoden. Deze studie heeft geleid tot een standaard DNA-extractiemethode
die nog steeds in onze onderzoeksgroep wordt gebruikt. Een nog enigszins onderbelicht
probleem is het includeren van negatieve controles wanneer de microbioomsamenstelling
van weefsels of vloeistoffen onderzocht wordt waarin weinig bacterién aanwezig
zijn, zoals bijvoorbeeld urine en tumorweefsel. Er bestaat hierdoor een risico dat het
verkregen microbioomprofiel bestaat uit een mix van contaminatie (bijvoorbeeld door
DNA-moleculen die op reagentia aanwezig zijn, maar niet in het monster zelf) en
biologisch signaal. Zonder negatieve controles zijn deze microbioomprofielen lastig te
interpreteren. In dit hoofdstuk tonen wij het cruciale belang aan van negatieve controles,
omdat enkele van de onderzochte weefsels geen biologisch microbioom bevatte, maar
7o goed als identiek waren aan het microbioomprofiel verkregen uit negatieve controles.
In hoofdstuk 5 wordt de ontwikkeling van nicuwe analysesoftware beschreven waarvan
het doel is om koolhydraat-actieve enzymen (CAZymes) te karakteriseren uit complexe
sequentiedata (waarbij al het DNA in een monster wordt afgelezen). Ten eerste zijn er
machine learning-technieken toegepast om deze CAZymes zo betrouwbaar mogelijk te
kunnen detecteren uit sequentiedata en vervolgens zijn analysemethoden toegepast om
die CAZymes uit een metagenoom te kunnen kwantificeren. Ten tweede is er een nieuw
annotatieschema ontwikkeld waarin de substraten van CAZymes zijn gegroepeerd
in functioneel informatievere groepen, zoals bijvoorbeeld een groep CAZymes die
voedingsvezels kunnen afbreken. Tot slot hebben wij deze nieuw ontwikkelde tool
toegepast op beschikbare data van verschillende cohorten waarin het microbioom van
darmkankerpatiénten vergeleken is met controlepersonen. Hierin konden wij aantonen
dat het microbioom van darmkankerpatiénten meer CAZymes bevat die een substraat
van dierlijke oorsprong verwerken (glycosaminoglycanen) en minder CAZymes bevat
die een rol spelen bij het verwerken van voedingsvezels.

Deel 3: Het identificeren van micro-organismen die geassocieerd zijn met

kolonisatieresistentie in klinische studies
Het laatste, en belangrijkste deel van dit proefschrift, bestaat uit klinische studies
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waarin het doel was om bacterién te identificeren die geassocieerd kunnen worden
met kolonisatieresistentie. Dit zou op termijn kunnen leiden tot het gebruik van deze
beschermende bacterién in een LBP.

In hoofdstuk 6 hebben wij het darmmicrobioom van drie patiéntgroepen vergeleken,
een groep patiénten met C. difficile-infectie, een groep patiénten die asymptomatisch
gekoloniseerd is met C. difficile en een controlegroep van patiénten die niet gekoloniseerd
is door C. difficile. Zodoende hebben wij verschillende bacterién (voornamelijk
Eubacterium hallii en Fusicatenibacter) gevonden die mogelijk bescherming bieden
tegen C. difficile-kolonisatie. Een andere belangrijke bevinding was dat asymptomatisch
gekoloniseerde patiénten een lagere microbioomdiversiteit hadden ten opzichte van niet-
gekoloniseerde patiénten. De mate waarin de twee eerdergenoemde bacteriesoorten ook
echt beschermend zouden kunnen zijn tegen C. difficile zal nader onderzocht moeten
worden, aangezien we met deze data alleen een associatie hebben aan kunnen tonen en
geen oorzakelijk verband.

Hoofdstuk 7 beschrijft een studie waarin 20 gezonde vrijwilligers in het LUMC
geinfecteerd werden met Necator americanus, een mijnworm die voornamelijk in
tropische gebieden voorkomt en die buikpijn, bloedarmoede en een eciwittekort kan
veroorzaken. Door het microbioom voor en tijdens de infectie in kaart te brengen,
konden wij de veranderingen over de tijd bestuderen. Eerder onderzoek liet wisselende
resultaten zien op dit gebied. Hoewel er in onze studie geen consistente mijnworm-
geinduceerde effecten konden worden gedetecteerd, was er wel een verschil in de
stabiliteit van het microbioom tussen patiénten met verschillende klinische symptomen
na de besmetting. Deze resultaten tonen aan dat er wel een verband bestaat tussen
mijnworm-geinduceerde symptomen en de stabiliteit van het microbioom, maar er zijn
geen specificke bacterién gevonden die mogelijk beschermen tegen besmetting en het
ontstaan van symptomen.

Verpleeghuisbewoners hebben een verhoogd risico om in het darmstelsel gekoloniseerd
te worden met een BRMO. Zo gebruiken zij veelvuldig antibiotica, wonen en leven in
een relatief kleine ruimte met patiénten die uit ziekenhuizen overgeplaatst zijn en hebben
intensief contact met verzorgend personeel en medebewoners. In hoofdstuk 8 worden
verschillende aspecten beschreven van de aanwezigheid van BRMO’s in een Nederlands
verpleeghuis, zoals de risicofactoren voor besmetting met een BRMO, de mogelijke
verspreiding van BRMO’s en de mogelijke rol van het darmmicrobioom op het verlenen
van kolonisatie resistentie tegen BRMO’s. Wij vonden dat antibioticagebruik in de
twee maanden voor de monsterafname en een ziekenhuisopname in het voorafgaande
jaar risicofactoren waren voor BRMO-dragerschap. Vervolgens hebben wij door het
sequencen van de genomen van de BRMO’s kunnen aantonen dat de BRMO-genomen
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van bewoners op een bepaalde afdeling zo goed als identiek waren, wat sterk suggereert
dat er binnen deze afdeling van het verpleeghuis zeer waarschijnlijk verspreiding van
een BRMO heeft plaatsgevonden. Voor de microbioomanalyse hebben wij de bewoners
opgesplitst in twee groepen: een groep die op ten minste één tijdspunt was gekoloniseerd
met een BRMO en een groep die nooit gekoloniseerd was. In de groep die nooit
gekoloniseerd was, werden hogere relatieve hoeveelheden van Dorea, Atopobiaceae en
Lachnospiraceae groep ND3007 aangetroffen. Deze bacteriéle taxa zijn dus mogelijk
geassocieerd met bescherming tegen BRMO-kolonisatie. Tot slot observeerden wij in
het microbioom van de meerderheid van verpleeghuisbewoners een hoge hoeveelheid
Bifidobacterium, een bacterieel genus dat normaal in hoge aantallen wordt aangetroffen
in de ontlasting van baby’s en zeer jonge kinderen. Om uit te sluiten dat deze bevinding
terug te leiden was naar probioticagebruik, hebben wij d.m.v. metagenomic sequencing
de genomen van Bifidobacterium species vergeleken tussen verschillende bewoners. De
Bifidobacterium genomen verschilden duidelijk van elkaar. We concludeerden dat er
geen duidelijke gemeenschappelijke bron of overdracht tussen de verpleeghuisbewoners
bestond. Aangezien wij de eerste onderzoeksgroep zijn die zo’n hoge hoeveelheid
Bifidobacterium in de darmen van verpleeghuisbewoners hebben gevonden en we hier
nog geen goede verklaring voor hebben kunnen vinden, blijven de oorzaak en het gevolg
hiervan voorlopig onbekend.

Als vervolg op hoofdstuk 8 is in samenwerking met het RIVM een studie opgezet waarin
is gekeken naar het darmmicrobioom en -metaboloom van mensen die asymptomatisch
gekoloniseerd zijn met extended-spectrum beta-lactamase (ESBL)-producerende
Escherichia coli (hoofdstuk 9), een antibioticumresistente bacterie die door de
Amerikaanse Centers for Disease Control and Prevention als een bedreiging voor de
volksgezondheid wordt bestempeld. Een groot voordeel van deze samenwerking is dat
wij data konden gebruiken uit het Pienter cohort van het RIVM. In dit cohort zijn data
verzameld van duizenden volwassenen, waardoor er strenge inclusiecriteria toegepast
konden worden en veel factoren konden worden uitgesloten waarvan bekend is dat ze
een groot effect te hebben op de samenstelling van het microbioom. Gecombineerd met
de kweekdata van ESBL-producerende bacterién uit ongeveer 2750 personen, konden
wij gebalanceerde groepen maken van ESBL-producerende E. coli-gekoloniseerde en
niet-gekoloniseerde mensen op basis van klinische en epidemiologische variabelen.
Uiteindelijk konden wij geen verschillen aantonen tussen het microbioom en metaboloom
van gekoloniseerde en niet-gekoloniseerde mensen, wat suggereert dat microbioom-
gemedieerde kolonisatieresistentie geen rol speelt tegen ESBL-producerende E. coli.
Dit impliceert vervolgens dat microbioom-modificerende therapieén misschien niet
geschikt zijn om voor dekolonisatie van deze bacterie uit de darm te zorgen.
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Toekomstige microbioom-modificerende therapieén

Hetuiteindelijke doel van onderzoek naarmicrobioom-gemedieerde kolonisatieresistentie
is het ontwikkelen van therapieén die middels modificatie van het microbioom
infecties kunnen voorkomen of genezen. Na een revolutionaire studie die in 2013 werd
gepubliceerd, waarin FMT zeer effectief bleek tegen recidiverende C. difficile-infectie,
was de verwachting dat FMT relatief snel vervangen zou worden door een consortium
van goed gedefinieerde bacterién, een LBP. Het grote voordeel van het toedienen van
een LBP is dat men exact weet wat de patiént krijgt en risico’s daarmee geminimaliseerd
kunnen worden, terwijl er bij een FMT ook mogelijk schadelijke micro-organismen of
andere stoffen kunnen worden getransplanteerd. Het ontwikkelen van LBP’s is echter
lastiger gebleken dan verwacht en momenteel zijn er nog geen goedgekeurde therapieén
gebaseerd op zulke consortia, niet voor recidiverende C. difficile-infectie en niet voor
andere ziektes. Verschillende redenen hiervoor zijn uitgebreid besproken in hoofdstuk
3. Andere potentiéle microbioom-modificerende therapieén zijn prebiotica (stoffen en
voeding die de groei van specifieke bacterién kunnen bevorderen) en synbiotica (het
combineren van gedefinieerde bacteri€le consortia met prebiotica), hoewel de klinische
implementatie van deze twee middelen voor het bestrijden van infecties nog ver weg
lijkt. Echter, dankzij de steeds betere mechanistische inzichten in de werking van het
microbioom en het verlenen van kolonisatieresistentie, verwacht ik dat in de komende
jaren de eerste LBP’s zullen worden gebruikt in de kliniek om infecties effectiever
te kunnen voorkomen en bestrijden. Op langere termijn zou deze toenemende kennis
zelfs kunnen leiden tot meer gepersonaliseerde behandelingen, waarbij op basis van
het microbioom van de patiént en de bijbehorende ziekte verschillende LBP’s gebruikt
zouden kunnen worden.
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