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SUMMARY

Loss-of-function variants in the nucleotide-binding oligomerization domain-2
(NOD2) gene, impairing the recognition of the bacterial cell wall component muramyl-
dipeptide, are associated with an increased risk for developing Crohn’s disease (CD). A
disturbed control of gut microbial communities is hypothesized as a causative mechanism
contributing to increased susceptibility for chronic intestinal inflammation through this
genetic variation. Here, the influence of NOD2 on the longitudinal dynamics of the intestinal
microbiota was demonstrated using wild-type (WT) C57BL/6J and knock-out (KO) NOD2
mice treated with broad-spectrum antibiotics. The microbial community composition was
determined by 16S, ITS1, and viral sequencing. The presence of virus-like particles was also
identified by transmission electron microscopy, and the occurrence of antibiotic resistance
genes was assessed using qPCR. Additionally, since intestinal secretory immunoglobulin A
(SIgA) is important in the regulation of the bacterial community, IgA levels were determined
across different genotypes of both wild and lab mice to assess whether a pattern could be
detected.

Antibiotics caused a significant increase in resistance genes and altered the microbial
gut community in both genotypes. However, while bacterial diversity decreased, fungal
diversity increased, serving as an indicator of gut dysbiosis and impaired host health.
Strikingly, the viral community explained 99.2% of the bacterial community variation, and
was found to be highly diverse, composed predominantly of bacteriophages, and a low
abundance of eukaryotic viruses. Interestingly, a significant difference between the genotypes
was observed, where the NOD2 genotype impaired bacterial resilience leading to delayed
recovery. A delayed resilience was also detected in the virome of both genotypes, whereas,
the fungal community remained perturbed. A pattern of IgA levels was not detected in the

wild mice; however, a significant difference across time was observed in the ATG16L1 lab
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mice, where IgA levels increased as mice aged. Moreover, a significant difference was also
observed when comparing male wild mice with male lab mice where higher IgA levels were
found in the wild mice.

These results demonstrate a complex relationship between gut bacteria, fungi, and
viruses, where antibiotic perturbation creates niche availability and the expansion of
potentially opportunistic genera. Importantly, NOD2 seems to license resilience of gut
microbial communities, as evidenced by the delayed recovery. This may promote
colonization with pathobionts and may contribute to the development of chronic intestinal

inflammation.
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ZUSAMMENFASSUNG

Varianten von Funktionsverlustmutationen im Nukleotid-bindenden
Oligomerisationsdoméne-2 (NOD2) Gen, welches die Erkennung der bakteriellen
Zellwandkomponente Muramyl-Dipeptid beeintrachtigt, hdngen mit einem erhohten Risiko
fur die Entwicklung von Morbus Crohn zusammen (CD). Eine gestorte Kontrolle
mikrobieller Darmgemeinschaften, basierend auf dieser genetischen Variation, wird als ein
ursachlicher Mechanismus angenommen, der zu einer erhéhten Anfélligkeit fir chronische
Darmentzindungen beitragt. In diesem Zusammenhang wurde der Einfluss von NOD2 auf
die longitudinale Dynamik intestinaler Mikrobiota durch den Wildtyp (WT) C57BL/6J und
Knockout-M&usen (KO) NOD2, die mit Breitbandantibiotika behandelt wurden, gezeigt. Die
Zusammensetzung der mikrobiellen Gemeinschaft wurde durch 16S, ITS1 und viraler
Sequenzierung bestimmt. Das Vorhandensein von virusartigen Partikeln wurde auch durch
Transmissionselektronenmikroskopie nachgewiesen. Zudem wurde das Auftreten von
Antibiotikaresistenzen anhand von gPCR bemessen. Da das intestinale sekretorische
Immunglobulin A (SIgA) dartiber hinaus eine wichtige Rolle in der Regulation bakterieller
Gemeinschaften spielt, wurde der IgA Gehalt verschiedener Genotypen von Wild- und
Labormausen zur Uberpriifung eines moglichen Musters bestimmt.

Die Antibiotika verursachten einen signifikanten Anstieg der Resistenzgene und
verénderten die mikrobielle Darmgemeinschaft beider Genotypen. Wahrend die bakterielle
Diversitdat abnahm, stieg die Pilz-Diversitat jedoch an, was als ein Indikator fur
Darmdysbiose und eine beeintrachtigte Gesundheit des Wirtsorganismus gesehen wird.
Auffallend ist, dass die virale Gemeinschaft 99.2% der Variation in der bakteriellen
Gemeinschaft erklart und als besonders divers, hauptséchlich aus Bakteriophagen
zusammengesetzt und mit einer geringen Haufigkeit von eukaryotischen Viren beschrieben

werden kann. Interessant ist auch der beobachtete signifikante Unterschied zwischen den
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Genotypen, wobei der NOD2-Genotyp die bakterielle Resilienz beeintréchtigte, was zu einer
verzogerten Wiederherstellung fuhrte. Eine verzogerte Resilienz wurde auch in dem Virom
beider Genotypen gefunden, wobei die Pilz-Gemeinschaft gestort bliebt. Ein  Muster des
IgA Gehalts wurde im Wildtyp nicht gefunden; hingegen jedoch ein signifikanter
Unterschied tber die Zeit in der ATG16L1 Labor-Maus, wo der IgA Gehalt mit dem Alter
der Maus anstieg. Dariiber hinaus wurde ein signifikanter Unterschied bei dem Vergleich
zwischen ménnlichen Wild- und Labor-Mé&usen gefunden, wobei Wild-Md&use einen héheren
IgA Gehalt aufwiesen.

Diese Ergebnisse zeigen eine komplexe Beziehung zwischen Darmbakterien,
Pilzbefall und Viren, in der durch Antibiotikaeinwirkung Nischenverfiigbarkeit und die
Ausbreitung potenziell opportunistischer Gattungen entstehen. Es ist wichtig zu erwahnen,
dass NOD?2 anscheinend die Resilienz von Darm-Mikrobengemeinschaften zuldsst, wie durch
die verzogerte Wiederherstellung bewiesen. Dies kann die Kolonisierung mit Pathobionten

fordern und zur Entwicklung einer chronischen Darmentziindung beitragen.
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Chapter 1 — Introduction

Microbial communities are the drivers of key ecosystem processes in diverse habitats
including the human body. Yet, microbial community behavior in perturbed environments
remains a challenge to predict. Understanding how the community responds to a perturbation is
important for determining how this same community maintains stability, through resistance and
resilience. In the mammalian gut, a long evolutionary history exists between bacteria specialized
for the gut habitat and the host. While the host provides both a habitat and energy resources by
nutrient intake, associated microbes assist in digestion, pathogen resistance, and the regulation of
both the immune system and metabolism®.

Numerous studies have shown the disruptive effect antibiotics can have on these processes>>.
Concerns related to the use of antibiotics include pathogen resistance to antibiotics, the alteration
of the microbial composition, and related acute and chronic health problems. The increasing
rates of inflammatory bowel disease in the developed world have been hypothesized to be related
to the disruption of the interaction within and between the human microbiota and the host’.

Though essential to the health of the human host, there is a clear gap in knowledge regarding
the responses of the bacterial, fungal, and viral communities to perturbations. The work
presented in this thesis aimed to determine the composition of the bacterial, fungal, and viral gut

communities and to better understand how they respond to a single pulse antibiotic perturbation.

1.1. The Resilience Phenomenon

Community stability is defined by both the resilience and resistance to environmental

change. Pimm (1984)* defined resilience as the community’s ability to recover back to a quasi-

1



stable state following a perturbation. Resilience, then, is a measure of the strength, or how often
the perturbation occurs to alter the community function. In ecology, a perturbation is defined as
a causal event that can change the immediate environment or directly change the community”.

A well-known perspective of stability, known as ecological resilience, states that there exist
many stable states for which a community may reside®’. A community can then shift to a new
stable state when conditions are unfavorable resulting from a perturbation. This has been further
developed by the concept of a stability landscape®® (Fig. 1), where a ball represents the

community existing in state of equilibrium (basin). When a perturbation occurs, a force is

Environmental “
change k
—_—>

Figure 1. Illustration of alternative stable states from Shade et al., 2012°.

applied to the ball within its basin. If the force is minimal, the community may resist the
perturbation and the ball remains unmoved in the basin. In some cases, the ball may shift from its
basin, but then return to its original basin, demonstrating resilience (Fig. 1A). However, if the
perturbation is great enough, a strong force will be applied to the ball, which may shift it into a
new basin representing an alternative stable state. This may also result if the resistance or
resilience of the community is low. Once in this new basin, or alternative stable state, the ball’s

return to its original basin (with the community’s previous composition and function) may be



difficult. Additionally, a ‘catastrophic regime shift’ may permanently shift the ball to a new basin
(i.e. through extinction of species).
1.1.1. The Insurance Hypothesis

There is a strong relationship between species diversity and ecosystem stability.
Specifically, the insurance hypothesis states that species diversity stabilizes ecosystem functional
properties, and as such, larger numbers of species enhances the probability that a system will
provide a consistent level of performance over time despite fluctuating environmental

perturbations®°

. In short, the insurance hypothesis refers to the buffering capacities of the
community to return to a stable state in response to a perturbation either through a single
stabilizer, otherwise known as a driver species (keystone species), or through multiple means.
Resilient communities are usually characterized by a high species diversity, suggesting that they
may be more stable based on their response to an environmental perturbation. Studies have
shown that when the resilience of a community is low, transitory changes to the structure occur,
which may increase the community’s susceptibility to invasion (by non-indigenous transient
species), and thus cause functional changes. In the case of the gut microbiota, this change in
function may be harmful for the health of the host, and in turn may additionally lead to the
colonization of (opportunistic) pathogens®.
1.1.2. Perturbations

Within the human gut, bacterial communities are constantly exposed to perturbations.
Perturbations can include antibiotics, fecal transfers, a change in diet, or a pathogen, to name a
few'!. Depending on the duration, perturbations are further classified as pulses (Fig. 2A,B), short-

term events, or presses (Fig. 2C), long-term or continuous events. However, a perturbation

depends on many factors, including its spacial and temporal scales, frequency, intensity, extent,



and periodicity’. Additionally, since community stability is defined by both resistance and
resilience, it is imperative to distinguish between these two in order to understand the
implications of a communities’ response to perturbations. Resistance then, is the degree to which

a community withstands change in the face of a perturbation (Fig 2A), whereas the resilience is
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Figure 2. lllustration of community dynamics in response to perturbations, from Sommer et al., 2017

the community’s ability to return to its original state after a perturbation (Fig. 2B). Moreover,
long-term perturbations, such as a press, can lead to a community’s shift to an alternative stable

state (Fig. 2C).



A perturbation may also demonstrate a community’s lack of resistance or resilience by
shifting to a permanent alternative stable state (Fig. 2D). In the human gut, this may lead to a
state of dyshiosis, whereby the microbial communities play a causative role in the manifestation
of a disease and is ultimately detrimental to the health of the host'’. Finally, compounded
perturbations may also occur, which occur simultaneously, or within the recovery time of a
previous perturbation.

1.1.3. Antibiotic Perturbations

The human use of antibiotics for treatment is a very recent adoption'?. With the
emergence of resistant and multi-resistant strains, most studies have focused on addressing these
adverse effects. Few studies have reported on the effect of antibiotic perturbation on the human
gut microbiota and the resilience phenomenon®?*3, In one study, the distal gut microbiota of
three individuals were examined over a 10 month period, within which two rounds of the
antibiotic ciprofloxacin (Cp) was administered for 5 days each. Each course of antibiotic was
separated by a period of 6 months, and stool samples were collected for bacterial 16S rRNA
sequencing. Interestingly, taxa that were closely related to those that had been wiped out during
antibiotic administration replaced them in abundance, but were later replaced by the original taxa
after termination of Cp®. Additionally, although the composition of the gut microbiota had
stabilized in all subjects at the conclusion of the study, they were all altered from their original
state.

Similarly, a long-term study on the effects of antibiotic treatment on the microbiota found
that post-antibiotic equilibrium states are themselves resilient, where the use of clindamycin
disrupted Bacteroides for up to two year’. Another similar study further demonstrated that a

cocktail of antibiotics, composed of metronidazole, clarithromycin, and omeprazole, and



administered for one week in three individuals with dyspepsia, resulted in a shift in the throat
and gut microbiota for up to four years'®. All studies also demonstrated some persistence of
antibiotic resistance genes. In the case of the study administering ciprofloxacin, recovery from
the second round of antibiotic administration was much faster than the initial round®. Yet, this
same study also demonstrated that in a different case, the first round of antibiotics had a nearly
complete recovery, whereas in the second round, recovery occurred to a different stable
equilibrium. Thus, these studies demonstrate that the microbial resilience to future antibiotic
treatments can have considerable individual variation. Furthermore, antibiotics can cause a shift
in the microbial composition to an alternative stability state, for which the consequences remain

unclear.

1.2. Diversity of the Gut Microbiome: beyond the bacterial space

Previously, bacterial cells were believed to far outnumber human cells, constituting as
much as 90% of the total number of cells associated with the human body***. However, a
recently revised estimate determined that the number of bacteria within the human body is within
the same order of human cells'®. Commensal bacteria colonize all mucosal surfaces, with the
intestinal tract harboring the largest bacterial load, currently estimated at 3.9x10" bacteria®. The
host microbiota performs numerous essential roles, such as the production of short-chain fatty
acids, the development of the intestinal epithelium and a mature immune system, protection
against pathogens, and the production of inflammatory and anti-inflammatory products'’*.
Thus, microbial dysbiosis is considered central to the origin of numerous diseases.

Although little attention has been directed towards antibiotic perturbations on the

community composition and function of the gut microbiota*®*3, fewer still have done so looking



at the long-term effects of such impacts on a polymicrobial community'®®. Notably, most
research has focused on bacteria (bacteriome) and their impact on gut health. The interactions of
polymicrobial populations, made up of bacteria, fungi, and viruses have largely been ignored
despite the potential for each to contribute to infection and inflammation®!. Furthermore, fungi
(mycobiome) and viruses (virome) also play an important role and contribute to gut community
stability.

Humans have a fungal microbiome that is orders of magnitude smaller than that of the
bacteriome?. The gut mycobiome has been estimated to be less than 0.1% in human feces?%,
However, this ‘rare biosphere’ has been shown to be more diverse, with the genus Candida
including approximately 160 species, of which most are adapted to a mammalian host®.
Similarly to many commensal bacteria, acquisition of Candida species occurs at birth, or through
later human contact, and different body sites harbor specific fungal population®?*,

Few studies have reported on the mutualistic relationship between the host and the gut
mycobiome, as most have focused on the role of fungi as pathogens. However, recent studies
have demonstrated the importance of a stable mycobiome in regulating mucosal health, where a
perturbation of the mycobiome resulted in enhanced immune responses®?°. These findings have
led to the suggestion that fungi are keystone species within the gut, for which more studies are
needed to elucidate the dynamics of the mycobiome during health and disease.

Finally, viruses have been shown to be extremely diverse, varying in their genetic

230 Humans are

material, genome sizes, life cycles, transmission routes, or persistence
colonized by large populations of viruses consisting of viruses that infect eukaryotic cells
(eukaryotic viruses) and those that infect bacteria (bacteriophages) (Fig. 3)?**!. Human feces are

estimated to contain at least 10"° virus-like particles per gram®, and although many of these
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viruses have been identified as bacteriophages, the majority remains unidentified®**°.

Furthermore, host-genomes are also frequently composed of virus-derived genetic elements
(retroviral elements and prophages)®®3!.
Metagenomic analysis of human gut viruses has also revealed extreme interpersonal

diversity. This is in part likely due to the already considerable individual variation in the

bacterial strains present in the gut, for which differences in phage predators are influenced®?. It



is well established that phages can be highly selective for different bacteria, and as such, phage
sensitivity (phage typing) has been used for decades as an effective means of differentiating
between different bacterial strains®®*°. Rapid within-host viral evolution may also influence the
large variability among individuals. In a long-term study investigating the viral community of an
adult individual, Microviridae, a family of bacteriophages, was demonstrated to have high
substitution rates, causing the sequence divergence values to be sufficient to distinguish new
viral species by the conclusion of the study®’. Moreover, individual virome compositions has
been suggested to be relatively stable, with an estimated 80% of viral forms to be persistent
throughout a 2.5 year long study®, with similar findings also observed in studies of shorter
duration®%.
1.2.1. Polymicrobial Interactions

Despite the low abundance of the gut mycobiome, studies on the gastrointestinal and oral
ecosystems have indicated that fungi influence bacterial behavior through different interactions,
such as positive and negative influences between, as well as among, microbiome members®*.
This may be represented as co-occurrence or co-exclusion phenomenon, in addition to metabolic
needs, quorum sensing exchanges, and the production of antimicrobial agents. Bacteria and fungi
are also able to produce biofilms, which serve to protect bacteria and/or fungi from desiccation,
antibiotic diffusion, or immune cell attacks, and results in the development of multiresistant
strains to antimicrobial agents®*“.

Additionally, co-infections by pathogens forming mixed communities have higher
virulence and resistance, in addition to different resilience properties compared to those of single

species communities*. Viruses have also been found to have various effects on the bacterial

community, by impacting bacterial diversity in a community, stimulating evolutionary change in



bacterial hosts, and providing selective advantages to bacterial hosts™. Viruses are an integral
part of the gut microbial community and are mostly comprised of bacteriophages. Yet, little is
known about how they respond to disturbances within a human host. Although antibiotics do not
target bacteriophages directly, they do target their bacterial hosts, and thus the virome is thought
to reflect changes in the bacterial community. Several studies have shown that the gut virome
serves as a reservoir of antibiotic resistance genes*®**™*. In a murine model, certain antibiotics
were shown to increase the reservoir of antibiotic resistance genes in the fecal virome*.
Antibiotics have also been shown to induce prophages in the swine gut, which transmitted
antibiotic resistance genes to other acceptor strains®. Importantly, recent evidence from studies
of mice with mutations in ATG16L1 has demonstrated that eukaryotic viruses can alter intestinal
disease by interacting with I1BD risk genes and the bacteriophage community*>*°. Moreover, an
enteric eukaryotic virus was shown to replace the beneficial function of the commensal bacteria
in germ-free and antibiotic treated mice®. Thus, viruses also play an important role in the
resilience of microbial communities in response to antibiotic perturbations.
1.2.2. Host-Microbiome Interactions

Within the gut, the majority of the intestinal bacterial microbiota reside in the large
intestine, of which 99% is composed of Bacteroidetes, Firmicutes, Proteobacteria, and
Actinobacteria®’. The intestinal mucosa is continuously exposed to these large numbers of
bacteria and their products, and it is this interaction that elicits basal level immune responses,
which both regulate and protect the host from pathogenic and commensal bacteria. With an ever

8 signaling pathways and their

changing microbiota over the duration of a hosts’ lifetime*
outcome resulting from an immune response will also change. These effects are of particular

importance when considering the impact of antibiotic treatment, which has been shown to cause

10



numerous, and even permanent changes to the microbiome, particularly when exposed in
infancy*®. Moreover, changes disrupting the homeostasis of these interactions may play a role in
the susceptibility and progression of chronic inflammatory diseases, such as Crohn’s disease™.

Within the past 10 years, research has shown that the microbiota is essential in order to
prime the innate and adaptive immune system in a process that begins shortly after birth®*%
Epithelial cells serve as the first line of defense in the initial recognition of microbial presence, in
addition to other resident and migrating cell types®®. This is established by tight junctions and the
mucus layer of the intestinal epithelial cells, where highly specialized intestinal epithelial cells
(IEC), such as Paneth and goblet cells, provide innate immune functions™. In addition, intestinal
epithelial cells also sense microbial communities and respond through coordinated immune
responses. The association of microbial dysbiosis, intestinal inflammation, and bacterial
translocation, suggest that barrier dysfunction may play a central role in the pathogenesis of
gastrointestinal inflammation®*>*. Moreover, numerous studies have shown a strong association
between barrier dysfunction and intestinal inflammation with a dysregulation of epithelial cell
death®*°>*®. The clearance of infected host cells, through apoptosis or other forms of cells death,
is important during infection as a means of inhibiting microbial replication and survival. These
strategies allow infected cells to be expelled from the epithelium quickly, thus preventing
persistent infection®".

Another important component of the intestinal barrier includes AMPs as a means of
preventing the microbiota from crossing the epithelium. However, AMPs are also responsible for
shaping the microbiota, while the microbiota in turn can also shape AMPs*®. A major factor in
maintaining the balance between the host and the microbiota are AMPs in conjunction with the

enteric mucus layer™. One important group of AMPs are defensins, which are classified by the
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patterns of their disulfide bonds into the main classes of alpha- and beta-defensins. These are
produced at almost all body sites and exhibit a diverse antimicrobial spectrum®*®. The human
beta-defensins 1 to 3 (hBD1-3) are mainly expressed by epithelial cells, where hBD-2 and hBD-
3 exhibit broad antimicrobial and anti-viral spectra, and hBD-1 exhibits broad activity against
several commensal and fungi®*®2. On the other hand, alpha-defensins-5 and -6 (HD5 and HD6)
are the main antimicrobial peptides produced specifically by Paneth cells®®. HD5 is a potent
antimicrobial against bacteria, fungi, and viruses, whereas HD6 has been shown to self-assemble
to form fibrils and nanonets to surround and trap bacteria®. Paneth cells are a crucial factor for
pathogen defense and regulation of the commensal microbiota in small intestinal immunology®.
In ileal Paneth cells, NOD?2 is highly expressed, and provides a critical mechanism for regulating
ileal microbiota via the secretion of anti-bacterial compounds®’. Thus, NOD?2 is a regulator of the
ileal microbiota and Crohn’s disease. Interestingly, impairment of the induction of the defensin

6264 Moreover, it was

molecules in humans are associated with colonic Crohn’s disease
demonstrated in a mouse model that an orally applied AMP was able to reduce inflammation and
infectious symptoms®. Together, these studies demonstrate the importance of AMPs to host

health and its role in Crohn’s disease when disrupted.

1.3. Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a complex chronic and relapsing inflammatory
disease with genetic and environmental risk factors, in addition to commensal microbial factors.
The precise cause of IBD remains unknown, although evidence suggests that an aberrant immune
response toward the commensal gut microbiota, in a genetically susceptible host, is likely

triggered by environmental factors. There are two primary subtypes of IBD composed of Crohn’s
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disease (CD), commonly localized the ileum and proximal colon, though it can involve any part
of the gastrointestinal tract, and ulcerative colitis (UC), which is restricted to the colon.

Microbial communities are important for physiological homeostasis in the mammalian
gut, and changing environmental factors affect the gut microbiota and likely contribute to the
development and pathogenesis of IBD. At the time of diagnosis, patients already have an altered
mucosal-associated bacterial community favoring aerotolerant species®. During the early stages
of disease onset and prior to treatment, consistent trends across studies include an enrichment of
Proteobacteria and Enterobacteriaceae, and a decrease in community diversity in conjunction
with a decrease in protective taxa (i.e. Lachnospiraceae)®” "?. The gut microbiota during active
IBD is unstable and perturbed, and can directly alter both bacterial composition and gene
expression, and in mice, Escherichia coli genes, which are highly induced by inflammation, have
been shown to affect the severity of colitis”.

In IBD, a wealth of genetic risk variants have also been identified, which points to the
involvement of innate immune genes (e.g. NOD2, RIP2, TLRs) in the etiology of the disease.
Currently, over 200 distinct loci conferring either risk or protection from the development of CD
and UC have been identified through genome-wide association studies, with a majority common
to both diseases’ . Of these, many alter production or secretion of proteins, antimicrobial
peptides, mucus, bile acids, antibodies, and proteases, ultimately affecting barrier function and/or
autophagic clearance of intracellular bacteria”. Thus, variants in genes regulating the innate
immune response and associated with IBD, affect the interactions between the immune cells and
bacterial communities. Nucleotide-binding, oligomerisation domain 2 (NOD2) was the first
identified susceptibility gene for IBD"""®. An intracellular recognition protein, NOD2 senses the

essential bacterial cell wall product muramyl dipeptide (MDP), derived from peptidoglycan, and
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is highly expressed in specialized intestinal epithelial cells, such as Paneth cells”®®

Remarkably, approximately one third of all CD patients have a deleterious mutation on at least
one NOD2 allele”’, making NOD2 alone a very strong predictor of CD incidence. In humans,
Crohn’s disease risk alleles on the NOD2 locus disrupt and destabilize the NOD2 protein®, and
it is assumed that this genetic variation is interacting with the intestinal microbiota as an
environmental factor to precipitate disease manifestation. Additionally, impaired NOD2 function
has been shown to have a distinct subtype of microbial dysbiosis, where patients with NOD2
mutations have an increase in adherent microbes to the intestinal mucosa® and significant shifts
in the relative abundances of Escherichia species®”.

In mice, NOD2 is an established risk gene for CD and mice with the NOD2 (KO) are
useful to study inflammatory bowel diseases, innate immunity, and bacterial susceptibility. These
mice have a dysbiotic microbiota and exhibit abnormal immune system morphology and a
susceptibility to induced colitis®®. Additionally, NOD2 deficient mice have an increased
commensal microbial load (rDNA), yet the active bacterial component (rRNA) has a lower
diversity®®. NOD2 deficiency was also previously shown to increase disease risk in WT mice,
post colonization with the fecal microbiota from NOD2-deficient (KO) mice®’. Conversely,
transfer of the fecal microbiota from WT to NOD2 deficient mice reduced disease risk and
caused long-term changes in the gut microbial communities. Thus, NOD2 plays a key role in
shaping the gut microbiota, further demonstrating the dysbiotic microbiota as an important factor
of disease risk, and the role of NOD2 in the protection against intestinal inflammation.
Interestingly, a global increase of IBD has been reported®®. Yet, genetic factors cannot solely
be driving the increasing global incidence of both CD and UC®, further suggesting that

environmental factors are also contributing to its development®.
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1.3.1. The NOD-Like Receptor NOD2 as a risk gene for Crohn’s disease

NLR proteins are members of innate immunity effector molecules characterized by a
central oligomerization domain (NBD/NOD) and a protein interaction domain, leucine rich
repeats (LLRs) at the C-terminus™. NLR proteins play an important role in shaping the immune
system by recognizing pathogens and damage-associated molecular patterns (i.e. PAMPs and
DAMPs), and eliciting innate immune responses'’. Although abundance of NLR protein
members may vary dependent on cell types, humans have 22 NLR members and mice have 34
members, indicating that NLRs have evolved to develop specificity to numerous pathogens®’**.
Most NLRs have a distinct protein-protein association domain and these variations of the amino-
acid terminal are used to categorize NLRs into major subfamilies, including NLRCs (containing
CARD) and NRPs (containing Pyrin), among others*’. NOD2 is a cytosolic protein (110 kDa)
characterized as part of the NLRC subfamily, having two CARD domains, whereas NOD1
contains a single CARD™ (Fig. 4). The NOD2 gene is located on the human chromosome 16p21,

and two NF-kB-binding sites are present upstream from the transcription start site. It is well

established that numerous risk alleles for complex diseases are present throughout human
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Figure 4. Illustration of the structure of NOD1 and NOD2, from Philpott et al., 2013,
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populations. In the NOD2 gene, there are three main polymorphisms that have been found to be
strongly associated to Crohn’s disease: (i) a frameshift mutation at 1007 (1007fs); (ii) a glycine
to arginine conversion at amino acid residue 908 (G908R); and (iii) an arginine to tryptophan

conversion at amino acid residue 702 (R702wW)’""®%

. Interestingly, all three mutations are
located close to, or even within the LRR domain, which recognizes MDP. Furthermore, Crohn’s
disease risk alleles on the NOD?2 locus have been shown to be maintained by natural selection,
where the deleterious haplotype of NOD2 is advantageous in diploid individuals®. Moreover,
NOD2 mutations are mainly Caucasian alleles, having spread through hitchhiking with a high-
frequency haplotype (H1) specific to Europeans®®. Interestingly, estimates of time to most
recent common ancestor (TMRCA) have shown the presence of the H1 haplogroup before
human migration Out-of-Africa. Additionally, TMRCAs for Europeans further revealed H1 to be
older than the H2 or H3 haplotypes, which were also present in Africa®®. With a strong
distribution dissimilarity between single populations and major geographical regions, the
regional diversity of NOD2 mutations and the exclusive H1 haplotype within Europe suggests
that there is a regional selective pressure that is advantageous to this group®*®*. Furthermore,
three variants within the leucine rich repeat (LRR) domain of NOD?2 are highly disease specific
and are associated with CD. They also share a common ancestral allele, known as the H5
haplotype, which is characterized by the upstream coding variant SNP5. Interestingly, the main
CD associated NOD2 mutations have occurred on the SNP5 allele primarily within the
geographical region of Europe®. Thus, it has been suggested that natural selection acting on the
NOD?2 locus is due to balancing selection, and the existence of the H1 haplotype prior to Out-of-

Africa migration further supports that its constant frequency may be advantageous within

European populations®.
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1.3.2. NOD2 Regulates the Commensal Gut Microbiota

In the healthy human intestine, the intestinal epithelium, in conjunction with epithelial
tight junction and mucus layer, are an effective barrier against the gut microbiota. However, a
dysfunctional mucosal barrier can lead to a direct interaction between bacterial products and
immune cells (i.e. macrophages and dendritic cells), which respond by producing cytokines (i.e.
IL-23) and chemokines. Lymphocytes are then further recruited when high levels of chemokines
are produced, creating inflammation in CD through a positive feedback cycle'’. However, the
dysregulation of the NOD2 pathway alone has been found to be insufficient to induce intestinal
inflammation, as NOD2 deficient mice do not develop spontaneous colitis*’. Thus, although the
exact mechanism for which NOD2 mutations contribute to Crohn’s disease remains unknown, it
has been suggested that NOD2 dysfunction leads to an alteration of the host-microbial
interactions resulting in a loss of homeostasis™.

One possible mechanism resulting in these alterations includes altered antimicrobial
activity of Paneth cells. NOD2 is highly expressed in Paneth cells, which secrete antibacterial
compounds’®®, Furthermore, bactericidal activity from terminal ileum crypts have been shown
to be induced by bacterial components, such as LPS®™%. Interestingly, the 1007fs mutation in
NOD2, one of three major mutations associated to Crohn’s disease (R702W, G908R, and
1007fs), causes a decrease in the expression of alpha-defensin®®’. Although NOD2 deficient
crypts in mice were found to not have morphological defects, MDP could not induce effective
bacteria-killing activity of both Gram-positive and Gram-negative bacteria’’, and a reduced
expression of a subgroup of alpha-defensins was also found®:. Additionally, RIP2 deficient
crypts were also found to be reduced in their ability to kill bacteria. Thus, loss of function

mutations in NOD2 does not interfere with normal Paneth cell development; however, it may
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facilitate bacterial entry into epithelial cells, resulting from an impaired bactericidal capacity

through defective regulation of defensin expression® (Fig. 5).
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Figure 5. Illustration of NOD2 response in the healthy gut and Crohn’s disease, from Sidiq et al., 2016

NOD?2 is essential for controlling the commensal microbiome in the terminal ilieum,
without which an increased bacterial load for Bacteroides and Firmicutes was found in NOD2
deficient mice*’. Interestingly, in a study to determine whether NOD2 prevents de novo
colonization of pathogenic bacteria, NOD2 showed a significantly delayed clearance of H.
hepaticus compared to wild-type mice*’. Both human and mouse studies have given support to
the importance of a dysbiotic gut microbiome in the etiology of Cronh’s®. Thus, in a negative
feedback loop, the NOD2-RIP2 pathway plays an important role in regulating the commensal
bacteria, while simultaneously the commensal bacteria are important for inducing this signaling
pathway. RIP2 kinase is required for downstream signaling of NOD2 by activating downstream

signaling cascades, including NF-KB and MAPK, together resulting in the activation of immune
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response genes*’. Through NF-kB, toll-like receptor (TLR) agonists enhance the NOD2 signal
cascade, and thus the immune response. Importantly, NOD?2 is also expressed in myeloid cells,
and in non-Paneth epithelial cells, though at a lower level, inhibiting bacterial growth directly via
beta-defensin secretion, or indirectly via the development of mature intestinal lymphoid
tissues' %8 |t is possible that the varied locations of NOD2 expression may be necessary for
responding to different commensals and pathogens.

Mutations in autophagy-related 16 Like 1 (ATG16L1) gene are also a risk factor for
CD®. NOD2 is capable of recruiting ATG16L1, which is an essential component for autophagy.
However, studies have shown that NOD2 mutants failed to recruit ATG16L1'®, Thus, NOD2
and ATG16L1 have important roles for regulating the gut microbiota. Autophagy is a pivotal
component of the innate immune response to intracellular bacteria. Several studies have
demonstrated that NOD2 activates autophagy to augment intracellular bacterial killing .
Moreover, a functional association between NOD2 and ATG16L1 has been demonstrated via a
link between autophagy and bacterial sensing by NOD proteins*®. Furthermore, in a process that
involves NOD2, ATG16L1, and RIP2, MDP-activated autophagy increased bacterial killing and
MHC class I1-dependent antigen presentation in primary human dendritic cells'®*. Thus, genetic
risk variants, defective lysozyme degradation and intestinal autophagic responses, are likely
altering the gut microbiota and enhancing CD susceptibility % However, in turn, two
different mechanisms are also separately regulated by commensal bacteria, selective lysozyme
trafficking and final secretion®. Interestingly, NOD2-mediated lysozyme trafficking in Paneth
cells was found to be directed by the commensal bacteria'®, and plays an important role to
promote host defense against infections. Thus, NOD2 expression is in turn regulated by signals

from the microbiota. Taken together, these results demonstrate that NOD2 restricts the
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commensal bacterial from over-expansion and further protects the host from pathogen

colonization in the intestine.

1.4. Secretory Immunoglobin A

Intestinal secretory immunoglobin A (SIgA), an antibody class produced by plasma cells
within the lamina propria, is important in the regulation of the commensal bacterial and viral
populations'®. Unique to the mucosa, SIgA binds to surface molecules of pathogens, and thus
functions by blocking these microorganisms from contact with the host’s cells’®*%. In the
absence of intestinal 1gA, the commensal microbial community may expand and escape the
gastrointestinal tract, thus activating the immune system both locally and systemically'®*.

1.4.1. Selective IgA Deficiency

Selective IgA deficiency (SIgAD) is the lack, or low amounts of secretory immunoglobulin
A and is the most common form of primary immunodeficiency affecting approximately 1/600
individuals in the western world'®"'%, Yet, variability in the prevalence of different ethnic
groups suggests a genetic basis for the disorder. Additionally, familial inheritance pattern is
observed depending on the gender of the parents, where affected mothers are more likely to pass
the defect. Interestingly, as many as 85-90% of IgA-deficient individuals are asymptomatic,
sufferers only experiencing an increase in gastrointestinal infections and cases of diarrhea
compared to IgA normal individuals'®. However, SIGAD has also been associated with an
increase in gastrointestinal diseases, such as malabsorption, celiac disease, ulcerative colitis, and

malignant proliferation'®

. In a study examining autoimmune disorders in patients with IgA
deficiency compared to the general population in Sweden, individuals with IgA deficiency were

found to have a 35-fold higher prevalence ratio (PR) for celiac disease’®. In addition, the study
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also found a 5-fold higher PR for IBD, a 5.7-fold higher PR for Crohn’s disease, and a 3.9-fold
higher PR for ulcerative colitis, indicating that individuals with IgA deficiency had a higher
prevalence for autoimmune disorders*®.

In IBD, the intestinal microbiota plays a role in driving an inflammatory response'®. To
identify specific members of the microbial gut community that may affect IBD, a study predicted
that relative levels of bacterial coating with IgA could be used. Using a combination of flow-
cytometry based bacterial cell sorting and 16S rRNA gene sequencing, the microbial community
was sorted into bacteria that had high 1gA coating (IgA+) and bacteria that had low IgA coating
(IgA-). High IgA coating was found to represent a distinct subcommunity within the gut
microbiota and was associated to known pathogens driving intestinal inflammation®. In another
study investigating the role of SIgA, baseline intestinal levels of IgA in WT C57BL/6J mice had
been determined and differentiated into high and low IgA levels™. Interestingly, co-housed WT
C57BL/6J mice with IgA-high and IgA-low levels resulted in all mice to be IgA-low'°. To
determine whether a specific microbial pool could cause the IgA-low phenotype, IgA-low mice
were pre-treated with a broad spectrum antibiotic cocktail before performing a fecal transplant
either from IgA-high or IgA-low mice. The study found that ampicillin reversed the IgA-low
phenotype, indicating that microbes sensitive to ampicillin were responsible for the IgA-low
phenotype. Thus, the IgA-low phenotype was found to be dominant, bacterially driven, and
transmissible, making fecal IgA a marker of microbial variability*'®. However, IgA levels, and

determinants thereof, still remain undetermined in many other murine lines and wild mice.
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1.5. Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is the transfer of stool, or portions of stool, from
a healthy donor into the gastrointestinal tract of a recipient. First described in 1958 as a treatment
for pseudomembranous colitis, FMTs have garnered attention as an effective form of treatment
for recurrent Clostridium difficile infections (RCDI) with a success rate of over 90%* . In
addition to being used as a treatment for RCDI, FMTs are also an effective tool for functional

studies in animal models'**

. Despite FMT’s success in treating RCDI and its potential to treat
other gastrointestinal disorders, such as IBD, the mechanisms behind the restoration of gut
functions remain unknown. Moreover, changes observed in the recipients’ gut bacterial
community are generally attributed to the bacteria from the donor’s feces. Other components of
the FMT are largely ignored, and few studies report on the long-term effects. Additionally, the
criterion of a healthy donor varies across studies and screening focuses largely on infectious
pathogens. There is an urgent need for investigations to characterize and better understand the
effects of FMTs in the recipient. Moreover, FMTs can be better understood as a perturbation to
the recipients’ microbiome, and as such, stresses the importance of future studies on community
stability and resilience.

FMTSs are widely acknowledged for its efficacy in modifying the gut microbiota™>**°. As
such, FMTs fall under the classification of a pulse (short-term) perturbation, followed by a
recovery, or resilience period (Fig. 6). In such a scenario, several hypothetical outcomes are
possible, where the ideal outcome is the long-term transfer of the functional properties of the
donor to the recipient leading to stable state similar to the donor community (Fig. 6A, B; stable

state C). However, it is also possible that the perturbation is too weak with the recipient’s

community returning to its initial dysbiotic state (dysbiotic stable state A). Finally, it is also
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Figure 6. Illustration of a fecal microbial transfer as a perturbation, from Sommer et al., 2017*".

possible for the perturbation to cause the recipient’s community to shift to an alternative stable
state, which is still dysbiotic, but distinct from initial state (dysbiotic stable state B).

However, most FMTs are usually preceded by antibiotic treatment, or a bowel lavage,
and are usually only administered to patients for whom other treatments have been ineffective, as
seen in RCDIs. Thus, FMTs should be evaluated in light of multiple perturbations that can occur
either simultaneously, or within the recovery time, or resilience, of a preceding perturbation
(compounded perturbation). Interestingly, multiple perturbations appear to have a greater

likelihood of leading to a shift in the microbial community*2*317118 |n CDI patients pre-
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FMT, a greater relative abundance of the phyla Proteobacteria and Firmcutes is
observed#*311% " |n some cases, CDI patients have been shown to have more than 99% of the
reads classified as Proteobacteria or Firmicutes™. It is well established that patients with CDI
have a perturbed gut microbiota compared to healthy donors who have a greater relative
abundance of Bacteroidetes and Firmicutes, with Proteobacteria, Verrucomicrobia, and
Actinobacteria present only at a low relative abundance**?****, However, despite the similarity
in taxa among donors, individual variation is observed in the relative abundance of the
taxa 21311 Fyurthermore, although patient samples post-FMT are generally found to have
similar taxa to the donor, the relative abundance varies between recipient and time point. Despite
this variation, samples post-FMT generally shows an increase in Bacteroidetes and Firmicutes
compared to the matched pre-FMT samples***®. A greater community diversity is also
observed in both the healthy donors and the recipients post-FMT compared to pre-FMT samples.
Additionally, compared to pre-FMT samples, a lower abundance of Proteobacteria and
Actinobacteria is usually observed*3**®,
1.5.1. Engraftment

Surprisingly, engraftment, or the success of the transfer to colonize, occurs quickly with
recipient microbial communities resembling donor composition and leading to a resolution of
gastrointestinal symptoms and CDI within two or three days post-FMT13122 - Additionally,
engraftments appear to be enduring, with most engraftments from donors shown to remain for
nearly 4 months. In a study investigating strain engraftment, donor-specific species were
identified 70 days post-FMT in the recipient'*®. Donor and recipient strains have even been
shown to coexist; however, the colonization success was greater for conspecific strains compared

to new species™™. Interestingly, new species were found to follow a similar level of fluctuation
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over a similar time frame, as seen in the healthy donors. However, the origin of newly observed
species remains to be determined. It is uncertain whether they originate from the donor, other
environmental sources, or in the gut of the recipient. Yet, these studies demonstrate the
importance of species level diversity in population dynamics and as a consequence, the potential
role some species have on resilience. Additionally, it is important to consider that most FMT
studies are preceded by antibiotic treatment. Interestingly, in contrast to findings in FMT patients
with RCDIs, recipients that did not use antibiotics for at least 3 months prior, or during FMT
treatment, but received a bowel lavage prior to the FMT, gradually lost the similarity to the

111

donor composition~. Antibiotics may therefore serve as a means to increase the success of FMT

engraftment in the recipient by clearing out a majority of the recipients’ gut bacterial community,

and potentially also pathogensllz,m

. Though most authors acknowledge some effect from
antibiotics used by patients with RCDI, it remains to be determined whether antibiotics serve as a
tool for the facilitation and success of engraftment. However, 1/3 patients with RCDI
successfully treated with a FMT are re-infected with CDI after a subsequent treatment of
antibiotics for an unrelated infection'***?, further stressing the need to evaluate multiple
perturbation events in future FMT studies.
1.5.2. What is determining the success of FMTs

Currently, a standardized method for FMTs does not exist, and is a major problem for
identifying the factors responsible for the successful outcome of the FMT. Moreover, FMTs are
now also being considered as a means of treating other gastrointestinal disorders, such as multi-
resistant pathogens. Several studies have observed that compared to pre-FMT samples, a

significant reduction in the number of antibiotic resistant genes (ABR) in the recipients’ samples

occurred one or two months post-FMT*>!* However, a possible transfer of resistance through a
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FMT was observed by the authors, where the vanB resistance gene was identified in all patients
post-FMT and in all donors used, but not in the pre-FMT samples'*®. Thus, despite the reduction
of ABR genes, FMTs may also introduce new resistant genes into the recipient. Fecal donors and
healthy donors harbor a large repertoire of resistant genes, making the transfer of ABR genes a
likely scenario in FMTs. In light of these results, stringent donor screening should be
implemented. Yet, antibiotic resistant genes are not the sole cause for concern when considering
what is transferred during a FMT. Notably, FMT studies have focused solely on the bacteria
community and their impact on gut health, excluding the potential for the mycobiome or virome
to contribute to either health or disease. Viruses in particular, including bacteriophages, may play
an important role in human immunity and the mucosal health**#*1%,

Importantly, the structure of the gut microbiota is also influenced by host genetics. In a
study investigating over 400 twin pairs, specific bacterial taxa were found to be more heritable
than others'?®. The interaction between the gut microbiota and the host genotype may also affect
the outcome of the transplant, where the resolution of CDI was higher in FMT from related

donors compared to unrelated donors'*

. In numerous body sites a significant association
between the microbiome composition and host genetic variation was found to be driven by
immunity-related pathways, especially in host genes which were associated with diseases, such
as IBD'?. Additionally, high levels of genetic differentiation among human populations were

identified in host genomic regions associated with the microbiome'?

. Moreover, multiple mouse
models have shown that a disease promoting microbiota can be dominant after a FMT in
previously stable wild-type (WT) mice, again highlighting the transfer of disease

susceptibility® 110177,
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Finally, other body sites also play a role in the establishment of the microbial
communities. For instance, the oral cavity plays a role in the development of diverse microbes in
the lower respiratory tract?®. The oral microbiota composition can also influence pregnancy
outcome by entering the uterine environment through the bloodstream?® and has been found to
resemble the placental microbiome more than the vaginal, fecal, nasal, or skin microbiomes in
normal term pregnancies'?’. Bacterial products from the gut can also affect distal organs. In a
study manipulating the gut microbiota of germ-free maternal mice, permeability of the blood-
brain barrier in their offspring was influenced in utero and persisted into adulthood®.
Ultimately, community structures remain distinct, demonstrating that each body site hosts a
unique community. Although these studies indicate that the gut selects for a separate community,
the influence of other body sites cannot be ignored.

Although FMT perturbations have been shown to be highly effective to treat RCDI, and
have the potential to treat other gastrointestinal disorders, factors responsible for the stability of
gut polymicrobial communities need to be investigated, particularly in light of different
perturbation events (pre-FMT). Though essential to the health of the human host, only a limited
understanding of the mechanisms responsible for these responses is currently available.
Moreover, thorough screening of donors and the compatibility of the donor and recipient is of

particular importance when considering future FMTSs.

1.6. Challenges Characterizing the Microbiome

In the last two decades, DNA sequencing technology has revolutionized the

characterization of microbial communities, prior to which culturing, morphological, and

131-133

physiological characteristics were relied upon . In particular, the Human Microbiome
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Project (HMP) and the Metagenomics of the Human Intestinal Tract (MetaHit) have helped to
define the commensal bacteriome of various human body site®*. However, the characterization of
the fungal and viral diversity is still lacking, largely due to issues regarding methodology, and

the lack of a database as rich as that for bacteria.

1.6.1. Mycobiome

The primary choice for molecular identification of fungi is the nuclear ribosomal internal
transcribed spacer (ITS) region™**®. Its two spacers (ITS1 and ITS2) are highly variable and
species specific, whereas the 5.8S gene is highly conserved™. However, identifying and
extracting the ITS1 and ITS2 region from data sets is difficult and often leads to a high
proportion of false-positives, as many ITS sequences are incorrectly defined in public sequence
databases. Additionally, surrounding the ITS region are the highly conserved SSU and LSU
genes, which creates false matches using a BLAST search, since the conserved parts of sequence
will match regardless of whether or not the variable part does. To work around this, the software
tool 1TSx** was implemented, which extracts full length ITS sequences of either the ITS1 or
ITS2 region, in addition to the 5.8S, from both high-throughput and Sanger sequencing.
Additionally, the ITSx software can also remove non-ITS sequences from the data set, which
altogether greatly improves sequence similarity searches and reduces sequences that would
otherwise exaggerate diversity estimates.
1.6.2. Virome

The general steps for characterizing the virome consist of four steps: (i) purification and
enrichment of VLPs present in the sample, (ii) extraction of nuclear acids (including cDNA
synthesis and amplification), (iii) library preparation and sequencing, and (iv) bioinformatic

analysis of the sequence data***. However, studying the virome has numerous challenges. Firstly,
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the majority of the genetic material in a sample is of non-viral origin (i.e. bacteria), causing
difficulties with extraction and isolation, contamination and amplification, as well as data
analysis post sequencing. Secondly, viruses lack universally conserved genetic regions, in
addition to also being both genetically and morphologically diverse **’. Taken all together, these
limitations often lead to viral sample loss during processing, and usually focus only on viral
DNA, overlooking viral RNA in the microbiome. Moreover, a major limitation is the lack of
validated methods for understanding the role of the human or mouse gut virome in health and
disease. Thus, to characterize the virome in the gut, key-steps include the enrichment of viral-
like-particles (VLPs) from a sample, and random amplification, should the starting material need
to be increased prior to NGS library preparation*®’. However, there is no singular method that
will yield flawless results. For instance, filtration is a widely used method for VLP enrichment
by removing bacterial and host cells, as well as larger debris, such as plant material. The most
popular filters contain 0.45-um or 0.22-um pore sizes***3. Although filters efficiently remove
bacteria, they also remove large viruses (i.e. Herpes virus) and giant viruses (i.e. Pandora virus
29,30,137,139. ThUS,

and Megavirales), which have similar physical dimensions to small bacteria

careful consideration should be taken in order to obtain the most optimal results.
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1.7. Scope & Aims

NOD2 plays a key role in shaping the gut microbiome, and loss-of-function variants in
the NOD2 gene are associated with an increased risk for developing Crohn’s disease.
Understanding how the microbial community responds to a perturbation is important for

determining how this same community maintains stability, through resistance and resilience.
The work presented in this thesis aimed:

e to investigate the influence of NOD2 on the longitudinal dynamics of the bacterial,
fungal, and viral gut community’s response to a single pulse antibiotic perturbation,

e and to establish a pattern of IgA levels in wild mice, and in lab mice.
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Chapter 2 — Materials and Methods

2.1. Experimental Design

Single Pulse Disturbance Event. A mouse model deficient in the Crohn’s Disease risk gene,
NOD2, was used to investigate the role of this innate immune receptor for microbial resilience
after a catastrophic perturbation. We treat C57BL/6J (WT) and NOD2 (KO) mice for two weeks
with broad-spectrum antibiotics composed of ampicillin (1 g/L), vancomycin (500 mg/L),

127 and followed fecal microbiota

neomycin (1 g/L), and metronidazole (1 g/L) (Sigma Aldrich)
composition for 10 weeks (Figure 7A). Using 16S rRNA phylogenomic analysis (V3-V4 region)
and ITS1 and viral sequencing, we determined the community composition of the gut bacterial,
fungal, and viral communities, respectively. Additionally we assessed the occurrence of selected
known antibiotic resistance genes using gPCR.

Intestinal Microenvironment Transfer (IMENT): Sterile Fecal Transfer. Five patients, each
with symptomatic chronic-relapsing Clostridium difficile infection (CDI) were administered a
single intestinal microenvironment transfer (IMENT) with sterile stool filtrate, as opposed to a
fecal microbiota transfer (FMT). Composition of the bacterial and viral communities were
determined from the donors, the sterile filtrates, and the patients. Patient fecal samples were
collected prior to the transfer, 1 week after, and 6 weeks after. Additionally, proteome analysis
was also performed. Patient characteristics are summarized in Appendix 3 Table S1.

Intestinal Secretory Immunoglobin A (SIgA) Levels. Additionally, the study aimed to
establish a pattern of IgA levels in different murine lines, and if differences are observed, to also
compare IgA levels to wild mice to study further variations. Fecal IgA levels from a population
of wild M. m. domesticus was collected from the area of Espelette, France. Interestingly, IgA
levels, and determinants thereof, still remain undetermined in most murine lines and wild mice.
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2.2. Mice

All animal experiments were approved by ethical committees of respective institutes, and
conducted according to local guidelines and regulations. A single Nod2-deficient male mouse
was crossed to a C57BI/6J female to obtain heterozygous offspring. Heterozygous mice (F1)
were then used to generate WT and NOD2 KO breeder pairs (F2). Male offspring of the next two
generations were used and maintained in single cages under specific-pathogen free (SPF)
conditions for the experiment. At the onset of the study (Fig. 1A; day 0), mice were
approximately 52 weeks old. We treated C57BL/6J WT and NOD2 KO mice for two weeks with
broad-spectrum antibiotics composed of ampicillin (1 g/L), vancomycin (500 mg/L), neomycin
(1 g/L), and metronidazole (1 g/L) (Sigma Aldrich)'?’. Fecal pellets were collected immediately
from mice throughout the 86 days and stored at -80 °C until needed. Mice were monitored and
weighed regularly, and sacrificed at the conclusion of the study. Organ and tissue samples were

collected and stored at -80°C for future use.

2.3. Bacteriome

16S DNA profiling. Fecal pellets were used to investigate the bacterial community. DNA was
isolated using the PowerSoil DNA Isolation Kit (MoBio) according to the manufacturer’s
directions. Individual amplicons were tagged with specific multiplex identifier (MID) barcodes
and pooled for library construction before sequencing. The 16S rRNA gene variable region V3-
V4 was amplified and sequenced on an Illumina MiSeq 2x150 bp platform at the Institute for
Clinical Molecular Biology of Christian-Albrechts University of Kiel, Germany.

16S Statistical Analysis. Sequencing reads were initially processed for quality control and

downstream analysis using Mothur'*®. The V3-V4 contigs with size <= 450, homopolymer count
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=6, and zero ambiguities with mean quality score >25, were considered for further alignment
with SILVA reference database. The sequences not aligning to the target region of 16S rRNA
gene were discarded from analysis. Chimeric sequences were detected using the
Chimera.Uchime algorithms and were removed from the analysis. Sequence classification was
done using the RDP taxonomic database (released May 2015; 10,244 bacterial and 435 archaeal
16S rRNA gene) using the k-Nearest neighbor algorithm (cutoff=60). Reads showing matches
with eukaryotic, chloroplast or mitochondrial sequences were excluded from analysis. A
standard cut-off of minimum of 1190 reads per sample was used to eliminate sampling bias and
uneven depth of coverage. Following this, the sub-sampled dataset was used to compute a
distance matrix for assigning sequences into operational taxonomic units (OTU) by a 97%
similarity cut-off.

Beta diversity (B-diversity) estimation for distance based methods Bray Curtis and
Jaccard metrics and statistical analysis of dissimilarity was studied with Adonis/PERMANOVA

using Vegan package in R V.3.2.5'*

. Alpha diversity (a-diversity) estimation for diversity and
richness based methods Shannon and Chaol index was performed using in-house scripts in R
V.3.2.5". Paired Wilcoxon test was performed for time wise analysis and non-parametric
Mann-Whitney test was performed for genotype comparison using Graphpad 5.0. To determine
the proportional abundance of the top 16 OTUs present, which covered an average of 90% of the
microbial population, we employed the generalized estimating equation (GEE) model'*. The
significant level of abundance changes in selected OTUs at different time points (days)

compared to the baseline (day 0), was calculated. The correlation structure was settled as

exchangeable.
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2.4. Mycobiome

Fungal ITS1 rRNA profiling. Isolated DNA, as described above, was used to investigate the
mycobiome. PCR amplification was carried out in two steps. The ITS1-F(F) (5’
CTTGGTCATTTAGAGGAAGTAA 3°)™ and ITS2(R) (5> GCTGCGTTCTTCATCGATGC 3°)*
primers were used to amplify the ITS1 region of the fungal rRNA region. The 25 uL PCR
mixture contained 12.5 pL Master Mix (Phusion HotStart Flex 2X Master Mix, NewEngland
Biolabs), 1 uL of each primer (1.25 uM), 7.75 uL. PCR-clean water, 0.75 uLL. DMSO, and 2 uL of
DNA template. Reactions were held at 94°C for 2 min, with amplification proceeding for 40
cycles, with 1 cycle consisting of 94°C for 15 s, 55°C for 30 s, and 72°C for 45 s; a final
extension was performed for 10 min at 72°C. The second amplification was performed for each
sample to contain a linker sequence, a sample specific index, and an lllumina adapter. The 25 uL
PCR mixture contained 12.5 pL Master Mix (Phusion HotStart, Flex 2X Master Mix,
NewEngland Biolabs), 0.5 puL of each primer (2.25 uM), 8.75 uL PCR-clean water, 0.75 uL
DMSO, and 2 puL of first-round product. Reactions were held at 94°C for 2 min, with
amplification proceeding for 20 cycles, with 1 cycle consisting of 94°C for 15 s, 55°C for 30 s,
and 72°C for 45 s; a final extension was performed for 10 min at 72°C. Prior to pooling samples,
aliquots of each amplified product were electrophoretically separated in a 1.5% LE agarose
(Biozym) stained with SYBR Safe Gel Stain (ThermoFisher) and visualized under UV
illumination. Molecular weight ladders were included in each run (100 bp DNA Ladder,
Invitrogen). Paired-end sequencing (2x300 bp) was performed on an Illumina MiSeq sequencer
at the Institute for Clinical Molecular Biology of Christian-Albrechts University of Kiel,

Germany.
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ITS1 Statistical Analysis. Paired-end sequencing (2x300 bp) on an Illumina MiSeq sequencer
resulted in 7990874 pairs of reads. Demultiplexing of the raw sequencing data was processed

using the package sabre V.1.00 (https://github.com/najoshi/sabre) using the paired-end setting.

The PIPITS pipeline was used to process paired-end reads for fungal community analysis®.

R Assembled reads

Read-pairs were joined on the overlapping regions of sequences with PEA
were then quality filtered with FASTQ QUALITY_FILTER (FASTX-Toolkit) (Hannon,

http://hannonlab.cshl.edu). Files were then converted into FASTA format with

FASTQ_TO_FASTA (FASTX-Toolkit). The highly variable ITS1 subregion was extracted from
sequences using the software ITSx V.1.0.11"', Of the 7849824 input sequences, 7334632
contained an ITS1 subregion. ITS1 sequences were clustered into operational taxonomic units

(OTUs) with VSEARCH (Rognes, https://github.com/torognes/vsearch/) at 97% sequence

similarity, and chimera detection and removal was performed using the UNITE UCHIME

reference data set (http://unite.ut.ee/repository.php). Representative sequences were assigned

taxonomic classification with the RDP Classifier against the UNITE fungal ITS reference
dataset™®’ from which an OTU abundance table was generated with a confidence threshold of
97% sequence identity. 7244071 reads were used to generate the OTU table. Three samples in

the WT at day 14 were discarded due to poor quality and low number of reads.

2.5. Virome

2.5.1. NOD2 Virome
Sample Processing. Two fecal pellets per sample were resuspended in 15 mL PBS buffer
containing 0.01 M sodium sulfide and 10 mM EDTA for 30 min on ice. Samples were

centrifuged twice at low speed (ThermoScientific Heraeus Multifuge 3SR) at 4°C for 30 min to
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remove bacteria and contaminating plant material. The resulting supernatants were sterile filtered
and ultracentrifuged at 22,000 x rmp (Beckman SW41 rotor) at 4°C for 2 hrs. Viral pellets were
then resuspended in 200 pL Tris buffer (50 mM Tris, 5 mM CaCl,, 1.5 mM MqgCl,, pH 8.0),
from which 5 pL sub-samples of isolated viruses were collected for morphological
characterization by negative staining in 2% (w/v) aqueous uranyl acetate and visualized by
transmission electron microscopy (TEM) (Technai Bio TWIN) at 80 kV with a magnification of
40,000-100,000. To the samples, 2 pL benzonase was added and incubated at 37°C for 2 hrs to
remove remaining nucleic acid contamination.

To extract viral DNA and RNA, 22 pL of a 0.1 volume of 2M Tris-HCI (pH 8.5)/0.2 M
EDTA, 10 puL of 0.5 M EDTA, and 268 pL of formamide were added to the sample and
incubated at RT for 30 min. Subsequently, 1 pL of glycogen, and 1024 uL of ethanol were
added, and samples were mixed gently and incubated overnight at RT. The next morning,
samples were centrifuged at 12,000 x g at 4°C for 20 min, washed with 70% ethanol, and
resuspended in 100 pL of TE buffer and 1 pL of mercaptoethanol, after which 10 puL of 10%
SDS and 3 pL of Proteinase K were added and incubated for 20 min at 37°C and 15 min at 56°C.
Then, 400 pL of DNA extraction buffer CTAB (100 mM Tris pH 8.0, 1.4 M NaCl, 20 mM
EDTA, 2% CTAB) and 1 pL mercaptoethanol were added and samples were incubated at 56°C
for 15 min. To the resulting supernatant, an equal volume of chloroform:isoamylalcohol (24:1)
was added, and samples were centrifuged at 13,000 x g for 5 min. The supernatant was collected,
to which 1 pL of glycogen, 10 pL mercaptoethanol, and a 0.7 volume of isopropanol were added
and incubated overnight at -20°C. The next morning, samples were centrifuges at 13,000 x g at
4°C for 20 min, after which the supernatants were collected, washed with 500 pL of 70%

ethanol, and stored at -80°C.
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Following extraction of VLPs, ethanol was removed from samples and pellets were air-
dried and resuspended in 20 pL of RNAse free filtered water. Amplification was performed
using a modified Complete Whole Transcriptome Amplification Kit (WTAZ2) (Sigma-Aldrich) as
described previously™’. PCR products were then purified using the GenElute PCR Clean-Up Kit
(Sigma-Aldrich). Samples were stored overnight at -20°C prior to library construction.

Library Construction. Libraries were generated as described previously*®’

using the NexteraXT
kit (lllumina). After quantification, normalized pools of all samples were sequenced on an
[llumina MiSeq using the 2 x 150bp sequencing kit (Illumina).

Viral community composition. Nextera XT adapters and sequence reads were trimmed from
lllumina paired-end reads (2x150 bp) using Trimmomatic V.0.36"®. Trimmed and quality

controlled reads of all samples were cross assembled using SPAdes V.3.1.10'%

to generate a
reference viral metagenome. Contigs with a minimum length of 1000 bp and a minimum total
read coverage of 10 were selected and used as OTUs representing the mice viral community.
Reads from each sample were then mapped separately against representative viral OTUs using
Bowtie2™® and SAM tools**. The normalized coverage of each OTU was used as a proxy for the
relative abundance of each virus per sample!®. Using blastn against the NCBI nucleotide
database and tblastx against the NCBI refseq viral database®>, OTUs of the reference viral
metagenome were classified with an e-value cut off at 10™. Verification of results from tblastx
prediction was performed using PHASTER™* by analyzing the protein composition of the

1%, Viral community composition was analyzed using PRIMER V.7%°%%%,

nucleotide sequence
and abundance data was standardized and log+1 transformed. Estimation of similarity between

all samples was calculated by Bray-Curtis similarity and multidimensional scaling analysis
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(MDS), and pairwise comparison of viral community composition between different treatment
groups and time points was analyzed using a similarity test (ANOSIM global test)™’.

2.5.2. Efficacy of Sterile Fecal Transfer

Sample Processing. Virus-like particle purification and DNA extraction were performed as
described previously*, with some modifications. Fecal samples were resuspended in 0.5 mL SM
buffer and centrifuged four times at 2,500 x g for 10 min, with the resulting supernatant passed
sequentially through a 0.45-pum and a 0.22-um pore diameter filter (Whatman/GE Healthcare;
Munich, Germany). Each sample was treated twice with 0.2 volumes of chloroform and
centrifuged at 5,000 x g for 10 min at 4°C, and the aqueous phase was treated with 1 U of DNase
| and 70 pL of 10 X DNase buffer (Sigma-Aldrich; Taufkirchen, Germany), followed by
incubation at 65°C for 10 min.

To extract viral DNA, 0.1 volumes of 2 M Tris-HCI/0.2 M EDTA, 1 volume of
formamide, 1 pL of glycogen, and 100 pL of a 0.5 M EDTA solution were added per 1 mL of
sample. The sample was subsequently washed with 2 volumes of ethanol and centrifuged for 20
min at 13,800 x g at room temperature. The resulting pellet was then washed twice with 70%
ethanol and resuspended in TE buffer followed by 10% SDS and 20 mg/mL solution of
Proteinase K (Sigma-Aldrich) for 1 h at 37°C, after which 5 M NaCl and 10%
cetyltrimethylammonium bromide/0.7 M NaCl were added. Samples were then mixed with an
equal volume of chloroform and centrifuged at 13,800 x g for 10 min at room temperature. To
the resulting supernatant, an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was
added, and the mixture was centrifuged at 13,800 x g for 10 min. The aqueous phase was

recovered, an equal volume of chloroform was added and the resulting mixture was centrifuged

again at 13,800 x g for 10 min, prior to adding 1 pL of glycogen with 0.7 volumes of isopropanol
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and incubating overnight at 4°C. The next morning, samples were centrifuged at 13,800 x g for
30 min at 4°C, washed with 1 mL of 70% ethanol, air-dried, and resuspended in 50 pL of
deionized water.

Library Construction. Libraries were generated using the TruSeq Nano DNA kit (lllumina)
according to the manufacturer’s instructions. After quantification, normalized pools of all
samples were sequenced on an lllumina MiSeq using the 2x150 bp sequencing kit (Illumina).
Quality control, metagenomic assembly, and taxanomic assignment. Truseq adaptors and
low quality reads (length <55) were filtered from the Illumina paired-end reads (2x150 bp) using
Trimmomatic V.0.33'*%. These pre-processed paired-end reads were assembled using SPAdes
V.3.7.0 assembler, by implementing “meta” function with wide k-mer range (21 to 77)**®. The
assembled contigs were classified at various taxonomical levels using the kmer based approach
as described previously'®. In brief, reads were subdivided into complete sets of 31 bp length-
overlapping sequences (k-mers). Subsequently, these k-mers were compared against a large
database (40,000 whole microbial genomes in the One Codex reference database) that contains
information on known k-mers unique to specific taxonomic groups such as different bacterial
clades or viruses. After comparison, each contig was assigned to a closely matched specific
clade. Each sample was then summarized as a group of signature sequences depicting the

presence of specific groups of organisms™®.

2.6. Metagenome

Profiling. A total of 40 samples were selected, representative of 5 KO and 5 WT individual mice
from days 0, 14, 21, and 71. DNA was isolated using the PowerSoil DNA Isolation Kit (MoBio)

and 15 uL of each sample was loaded into the appropriate well of a 96 well plate. Samples were
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sent for library construction and pooled using the NexteraXT kit (Illumina) and sequenced on an

[llumina HiSeq 2500 platform with a coverage of 2x150 bp.

2.7. Correlational Analysis

Relationship between fungal and bacterial community. Correlations were calculated between
fungi and bacteria at the genus level using Pearson’s correlation with a cutoff mean >0.5%
relative abundance (20 x 16 correlations respectively). Differences in genotype over time were
then compared for each combination from fungi and bacteria (ttest, P < 0.05), of which 36 were
found to be significant. Heatmaps were generated by R package (pheatmap).

Relationships between viral and bacterial community. To investigate whether changes in the
bacterial community composition were associated to the viral community, RELATE was used in
PRIMER V.7*, and the analysis was based on the relative abundance of viral and bacterial
OTUs. Predictor variables were then fitted to the relative abundances of bacterial OTUs using
distance-based linear modeling (DistLM) to investigate the variability in the viral community
that could be explained by changes in the bacterial community, or vice versa. Bacterial
community datasets were log(x+1) transformed and analyzed against the viral community
composition with R? selection criteria using the forward selection procedure, and distance-based

redundancy analysis was used to visualize results'®*°2.

2.8. Antibiotic Resistance Genes

Detection of antibiotic resistance genes using real time gPCR. To identify antibiotic
resistance genes present in the bacterial community, 11 antibiotic resistance predesigned

TagMan® real-time PCR gene expression assays were selected to target genes conferring
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vancomycin resistance in Enterococcus, and AmpC, extended-spectrum beta-lactamases (ESBL)
and carbapenem resistance in Enterobacteriaceae (as listed in Appendix 2 Table S1A).
Microfluidic real time PCR was employed according to the manufacturer’s guidelines (Thermo
Fisher Scientific, USA) using the Fast Universal PCR Master Mix (Applied Biosystems) and
carried out on a ViiA 7 system (Thermo Fisher Scientific, USA).

Isolated fecal DNA samples from WT and KO mice were taken from days 0, 14, 21, and
71 for a total of 84 samples per TagMan® PCR assay (10 KO and 11 WT per time point). A 10
ML reaction was prepared with 4.5 puL of TagMan® Fast Universal PCR Master Mix (Applied
Biosystems), 0.5 uL TagMan® assay, 1 pL of template (stool sample), and 4 uL PCR water,
respectively. Assays were run on a ViiA 7 real-time PCR system (Applied Biosystems) using the
following cycling conditions: 95°C for 20 s, followed by 45 cycles of 95°C for 1 s and 60°C for
20 s. All assays were performed in duplicate with a positive control of bacterial DNA and a
negative control of water. Real-time PCR data was analyzed with ViiA™ 7 RUO software,
employing the ddCT-method as previously published™®. A Fisher’s exact test was performed to

determine nonrandom significant associations between the genotypes, days, and antibiotics.

2.9. Screening Immunoglobin A Levels

Profiling. Fecal pellets were collected from wild mice (from the area of Espelette, France) and
lab mice (NOD2 (KO), C57BL/6J, Atgl61condVilCre (KO and fl/fl). All samples were stored at
-80°C. Fecal pellets were weighed and reconstituted in an equal volume of PBS containing 0.1%
Tween 20 (Thermo Scientific) and vortexed for 20 min, or until homogenized. Samples were
then centrifuged for 10 min at 12,000 rpm at 4°C. The clear supernatants were collected and

stored at -20°C until further analysis. Serum from NOD2 (KO) and C57BL/6J from the Single
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Pulse Disturbance Event study was also collected from day 86, diluted 20,000 fold, and stored at
-20°C. IgA levels were estimated from the supernatants and diluted serum using the Mouse IgA
ELISA Kit (Thermo Scientific) according to the manufacturer’s directions. All samples were
performed in duplicate.

Wild Mice (Espelette, France). A total of 46 wild mice were selected for detection of IgA
levels from feces (Appendix 4 Table S1). Samples were composed of three different genotypes,
which included C57BL/6J, RIIISJ, and heterozygotes. Samples were further grouped by
geography (farm), haplotype (mitochondrial D-loop), haplogroup (grouping of the
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haplotypes)™", population (analysis of 18 neutral microsatellite markers with STRUCTURE),
and gender. Histology was performed for all mice of the ileum, cecum, proximal colon, and
distal colon (Appendix 4 Table S2).

Lab Mice. Fecal pellets were collected from 27 Atgl61lcondVilCre (KO and fl/fl) mice housed

at the ZTH. Samples were grouped according to gender and age in weeks.

2.10. Screening Calprotectin Levels

Profiling. Fecal pellets were collected from C57BL/6J (WT) and NOD2 (KO) mice from the
Single Pulse Disturbance Event study. All samples were stored at -80°C. Fecal pellets were
weighed and reconstituted in an equal volume of PBS containing 0.1% Tween 20 (Thermo
Scientific) and vortexed for 20 min, or until homogenized. Samples were then centrifuged for 10
min at 12,000 rpm at 4 °C. The clear supernatants were collected and stored at -20°C until
further analysis. Murine S100A8/S100A9 (calprotectin) was determined by ELISA
(Immundiagnostik AG; Bensheim, Germany) according to the manufacturer’s directions. All

samples were prepared in duplicate.
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Chapter 3 — Results

3.1. NOD2

3.1.1. Bacteriome

WT mice recover earlier from antibiotic induced weight loss.

Mice were administered a combination of broad-spectrum antibiotics for two weeks, and then
allowed to recover for 72 days (Fig. 7A). Antibiotics were shown to have the desired effect of
causing a perturbation, where both C57BL/6J WT and NOD2 KO mice lost substantial weight

(between 20-25%), indicative of gut dysbiosis (Fig. 7B). Rapid weight loss occurred from the

A Genotype Antibiotics Resilience

Ampicillin

@®
A
Neomycin esssssss——) !~
Vancomycin gy, S
Metronidazole \.

Altered Microbiota?

... ‘.
' e o .
“e
14 21 71 86

80+

C57BL/6J WT
-= NOD2 KO

Change in Body Weight (%)

797

R e o s s o O s e S

Antibiotic Perturbation Time (Days)

Figure 7. (A) Schematic of experimental design showing administration of broad-spectrum antibiotics to
C57BL/6J (WT) and NOD2 KO for two weeks. Mice were subsequently monitored for a total of 86 days to
investigate genotype effect on the gut microbial resilience. (B) Percent change in body weight of C57BL/6J
(WT) (gray circles) and NOD2 KO (black squares) mice. Percent body weight was calculated based on initial
body weight at the time of the experiment. Each point represents the means + SEM values (WT =11, and KO =
10). Brown circles indicate days where fecal pellets were collected. The asterisks (*) indicates significance
difference (P < 0.05) between the two genotypes and was evaluated using the Student’s t-test.
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onset of antibiotic administration to day 6 in the WT and day 8 in the KO, after which an
increase in weight was observed despite antibiotic administration occurring until day 14.
Interestingly, the greatest difference in weight between the genotypes was observed from days
14-22 (P < 0.05). Additionally, weight recovery occurred earlier and faster in WT mice
compared to KO; however, both showed the same weight recovery by day 86. A significant
difference (P = 0.02) in liver weight was observed between genotypes at the conclusion of the
study (day 86), with a greater liver weight observed in KO mice compared to WT (Appendix 2
Fig. S1A). Yet, no significant difference was observed in spleen and caecum weight, or colon
length, though some individual variation was observed (Appendix 2 Fig. S1B, C, D).

Loss of NOD2 causes delayed recovery in bacterial gut community composition post
antibiotic perturbation.

Beta diversity analysis of principle coordinate analysis (PCoA) distinguished clustering based on
genotype and day, where a phenotypic variation between the two genotypes could be observed
(Fig. 8; Appendix 2 Fig. S2A-D). In the WT, a clear clustering based on the day was observed
(Fig. 8A), where day 14 and day 21 clustered in distinguished groups. Interestingly, days 71 and
86 clustered more closely with day O (pre-treatment), demonstrating community resilience.

On the other hand, although day 14 clustered as a separate distinguished group in the KO, the
community at day 86 is distributed across days 71, 21, and 0, demonstrating a delayed recovery
(Fig. 8B). Comparing both genotypes together, no difference was observed at day O (pre-
treatment) (Fig. 8C). However, resilience was only observed in the WT, where day 86 clustered
together with day O, whereas in the KO a wide distribution occurred. Interestingly, outliers were

present in both genotypes, and some were found to have an antibiotic resistance gene, indicating
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that antibiotic resistance genes present in the bacterial community can significantly alter the

composition (Fig. 8A and B, Appendix 2 Fig. S2, and Table S1B).
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Figure 8. Principle coordinate analysis (PCoA) of bacteria where Brayl explains 19.4% and Bray2 explains
7.1% in (A) WT across time (days 0, 14, 21, 71, 86) and (B) KO across time (days 0, 14, 21, 71, 86), and (C) KO
(circles) and WT (triangles) at day 0 (blue) and day 86 (pink).

Perturbation leads to genotype variation of gut bacterial community composition.

The most abundant phyla in both genotypes were Bacteroidetes and Firmicutes (Appendix 2 Fig.
S3A, B). An increase in the relative abundance of Proteobacteria was observed during the
antibiotic period. Verrucomicrobia was found to have a greater relative abundance after the
antibiotic period in both WT and KO (Day 21), despite a general recovery of community

diversity from day 14. In the KO, Verrucomicrobia and Tenericutes also had a greater abundance
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at day

28. Importantly, resilience was observed in both WT and KO, where community

composition at day 86 more closely resembled community composition at day O (pre-treatment),

though differences in relative abundance are still observable, particularly in the KO.

The most abundant genera in both genotypes were Barnesiella and unclassified

Lachnospiraceae (Fig. 9A, B). During the antibiotic period (days 1-14) Escherichia/Shigella

were the most abundant. A variety of temporal patterns was evident in both genotypes, such as

taxa that became more abundant after antibiotic treatment and throughout the remainder of the

study (e.g. Parabacteroides), and those that became less abundant (e.g. Bacteroides; Figure 9D).
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Figure 9. Relative abundance (%) of 16S bacterial community composition across all time points in (A) WT and
(B) KO at phylum level. (C) Relative abundance (%) of Prevotella in WT and KO at day 0 (pretreatment) and day
86, and (D) Relative abundance (%) of Bacteroides in WT and KO at day 0 (pretreatment) and day 86. Each point
represents an individual. *P < 0.05, **P < 0.005, ***P < 0.0005.
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Differences between the genotypes were also observed, where immediately post antibiotic
treatment (days 21 and 28) there was an increase in the relative abundance in Akkermansia,
Anaeroplasma, and Lactobacillus in the KO, whereas in the WT an increase in abundance was
observed in Prevotella and Parabacteroides.

As observed in the PCoA plots, the antibiotic period had a marked effect on the bacterial
gut community. At the phylum level, day 14 was significantly different in both the WT and KO
when compared to day O and day 86 (Appendix 2 Fig. S3A, B), where Bacteroidetes,
Proteobacteria, and Firmicutes had the greatest observable differences. Interestingly, the phylum
Verrucomicrobia showed a significant difference in the KO from day 0 to day 86, where a
decrease in the relative abundance occurred (Appendix 2 Fig. S3B). On the other hand, no
difference was observed in the WT from day O to day 86, demonstrating recovery. Thus,
Verrucomicrobia demonstrated resilience in the WT, whereas the KO does not exhibit recovery
as seen in the WT. At the genus level, the dominant genera in both genotypes were Barnesiella
and uncl. Lachnospiraceae. Interestingly, Escherichia/Shigella were dominant during the
antibiotic period. Significant differences were also observed in both genotypes in Prevotella and
Bacteroides, which all decreased in relative abundance from day 0 to day 86 (Fig. 9C, D).

We then identified 11 bacterial taxa indicating resilience and generated a heatmap based
on the relative abundance for longitudinal comparisons among individual samples (Fig. 10). The
resulting bacterial taxa were further grouped into three categories where groups | and Il
demonstrated significant resilience only in the WT, whereas group Il showed significant
resilience independent of genotype.

To further investigate the longitudinal (day) effect in the bacterial community

composition overall (irrespective of genotype) compared to the WT at day O (pre-treatment), we
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Figure 10. Bacterial taxa indicating resilience. Bacterial taxa were selected by their ability to display resilience
(indicator species for day 0 vs. day 9 and day 9 vs. day 86, while not being an indicator for day 0 vs. day 86). The
resulting 11 bacterial indicator taxa were grouped into three categories: I) bacterial taxa showing significant
resilience only in C57BL/6J (WT) animals while being depleted after antibiotic treatment and regained at day 86;
II) bacterial taxa showing significant resilience only in C57BL/6J (WT) animals while being enriched after
antibiotic treatment and regained at day 86 and III) bacterial taxa showing significant resilience independent of
genotype while being depleted after antibiotic treatment and regained at day 86. Relative abundances are color
coded, each column represents an individual animal, and indicator values shown are obtained from C57BL/6J
(WT) animals during the resilience period (day 9 to day 86). Data for days 2, 12, 14, 21, 28, 49 and 71 were
omitted from the figure for visualization purposes.

generated a correlation matrix known as the generalized estimating equations (GEE) (Appendix
2 Table S2 and S3). At the phylum level, significance was observed in most taxa from day 2 to
day 14 compared to WT day 0. However, only Verrucomicrobia was significantly different at
day 86. At the genus level, Prevotella and Clostridium X1Va were significantly different at all
time points compared to WT day 0. These results demonstrate a strong day effect, particularly in
Barnesiella and Escherichia/Shigella, with numerous additional significant differences observed
across all taxa, compared to day O.

3.1.2. Antibiotic Resistance Genes

Presence of antibiotic resistance genes in bacterial community significantly increased after
antibiotics.

Resistance genes commonly associated to the bacterial phylum Proteobacteria (AmpC resistance)
and Firmicutes (vancomycin resistance) were detected in both WT and KO individual mice

(Appendix 2 Table S1A, B). As expected, vanC2-C3-2 and vanA2 genes were present; however,
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ACT/MIR and BIL/LAT/CMY genes were also identified, although they were not associated to
the antibiotics used in this study. Furthermore, a significant difference was observed where most
resistance genes were present at the conclusion of the antibiotic administration (day 14) and
subsequent days (days 21 and 71) compared to prior (day 0) (P = 0,048; Appendix 2 Table S1B).
However, a difference associated with genotype was not observed with the current set of genes
(Appendix 2 Table S1A, B).

3.1.3. Mycobiome

Long-term changes detected in fungal gut community.

To further elucidate the role of NOD2 on the gut microbiome, we performed ITS1 sequencing to
assess the composition of the fungal gut community. Beta diversity analysis of PCoA based on
genus-level abundances revealed clustering according to genotype and day (Fig. 11A, B). In both
genotypes, day 0 (pre-treatment) clustered together, though the distribution was large. In the KO,
day 14 also clustered together (Fig. 11B). On the other hand, a more distinct clustering occurred
in the WT according to the day, compared to the KO (Fig. 11A), with day 71 also clustering
largely together. Comparing both genotypes together, clustering of samples occurred according
to day rather than genotype, although some heterogeneity was observed (Fig. 11C).

Importantly, contrary to the WT bacterial community, PCoA plots demonstrated a lack of
resilience in fungal community of both genotypes. These observations were further supported

using PCoA based on Jaccard (Appendix 2 Fig. S4A-C).
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Figure 11. Principle coordinate analysis (PCoA) of fungi where Brayl explains 10.47% and Bray2 explains
8.39% in (A) WT across time, (B) KO across time, and (C) WT (triangles) and KO (circles) at day 0 (pre-
treatment) (pink) and day 86 (blue).

Antibiotic perturbation significantly increased fungal gut diversity.

The dominant phylum in both genotypes was Ascomycota and Basidiomycota (Appendix 2
Figure S5A). Compared to day O, a greater relative abundance of unidentified fungi was seen
from day 14 to day 86, with the greatest abundance occurring in the WT at day 86. Furthermore,
as supported by PCoA analysis, resilience at day 86 was not observed in either genotype,
although the KO appeared to be more resilient compared to the WT. Comparable to the phylum
level bacterial community composition, both genotypes were similar to one another; however, a
greater variation in community composition was observed at the class level, highlighting the

importance of investigating lower taxonomic levels (Figure S5B). Furthermore, as seen in the
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Figure 12. Fungal relative abundance (%) at genus level in WT and KO across time (days 0, 14, 86) in (A)
Wallemia, (B) Rhodosporidium, (C) Sporidiobolales, and (D) Claviceps. *P < 0.05, **P < 0.005, ***P < 0.0005.

bacterial community, numerous significant shifts occurred in the mycobiome at the class level
after antibiotic administration (Fig. 12 and 13).

A high level of individual variation was observed in the mycobiome samples of both
genotypes at both the phylum and class level (Fig.13 and Appendix 2 Fig. S6). Remarkably, the
community shifted towards a uniform distribution of greater diversity across all individuals in
both genotypes at day 14 (Fig. 13 and Appendix 2 Fig. S6). Community shifts continued to occur
for the duration of the study, with individuals remaining largely varied from day 0 (pre-
treatment) (Fig. 6A and Appendix 2 Fig. S6).

To characterize fungal Alpha diversity across time, the Shannon diversity index was used.

Strikingly, fungal diversity significantly increased in both genotypes at all time points, compared
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Figure 13. ITS1 fungal relative abundance (%) of class level community composition in all KO and WT

individuals across time (days). N/A indicates sample unavailable.
to day O (Fig. 14). Furthermore, at the conclusion of the study, the KO was found to significantly
decrease in fungal diversity compared to the WT (Fig. 14; P = 0.028). We then examined the
richness of the fungal community using the Chaol index (Fig. S4D). Similar to the Shannon
diversity observations, all time points were significantly different compared to day 0, with
species richness significantly increased in both genotypes after antibiotics. However, while

Shannon diversity remained high after day 21, Chaol richness decreased, particularly in the KO.
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3.1.4. Bacterial-Fungal Correlations

We then investigated whether specific bacterial taxa were associated to members of the
mycobiome across all time points according to genotype (Fig. 15A, B). We hypothesized that the
differences in the genotypes would indicate possible key interactions between bacteria and fungi,
which would have been altered from the antibiotic perturbation and may have played a role in the
delayed recovery in the KO. A higher number of significant correlations were observed in the
KO compared to the WT (Fig. 15A, B). Interestingly, a pattern across bacterial taxa was observed
only in the KO, where the bacterial genera Barnesiella, Prevotella, Escherichia/Shigella, and
uncl. Ruminococcaceae had at least three significant correlations to specific fungi. In particular,
9 significant correlations were observed between Prevotella and different fungal taxa, indicating
that Prevotella may play a role in the delayed recovery of the NOD2 KO. However, a pattern
was observed in both genotypes when fungi with at least three significant correlations to specific
bacteria were considered. In the WT these were Hypocreales, Sporidiobolales, and

Wallemiaceae, while in the KO these were Clavicipitaceae, Xylariales and Wallemiaceae.
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Figure 15. Significant correlation (Student’s t-test, P < 0.05) between fungi and bacteria in (A) WT and (B) KO.

Blue to red gradient indicates negative and positive correlations. White spaces indicate no correlations observed.
Interestingly, Wallemiaceae was shared in both genotypes, yet was only significantly
positively correlated to E. Shigella in the KO. When comparing the relative abundance of both
genotypes, it is apparent that Wallemia increases at day 14 compared to day O; however, from
day 14 to day 86, a significant decrease was observed in the WT, but not in the KO where large

individual variation was present (Fig. 12A).
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3.1.5. Calprotectin Levels

Calprotectin levels were measured to determine the presence of inflammation in the gut.
Interestingly, despite the greater relative abundance of the bacterial pathogen Escherichia/
Shigella from day 0 to day 14 (Fig. 9A, B), calprotectin was not induced in the NOD2 KO at day

14 (Fig. 16). Moreover, compared to day 0 and prior to the antibiotic perturbation, a decrease in
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Figure 16. Fecal calprotectin levels in WT and NOD2 KO mice (n = 5) across time (days) compared to day 0
(pre-treatment) (Student’s t-test, **P < 0.005).
calprotectin was observed at this time in the NOD2 KO, whereas the WT at day 14 remained
stable. After cessation of antibiotics (day 22), elevated levels of calprotectin was observed in
both genotypes. However, large variations exist between individuals.
3.1.6. Virome
Presence of virus-like particles.
The presence of virus-like particles from fecal samples were observed by transmission electron
microscopy, which revealed morphologically distinct isolates (Fig. 17)'®. RNA virus-like

particles with morphological similarity to the Peste des Petits Ruminants (PPR) virus or the
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Murine Mammary Tumor virus (MMTYV) were observed (Fig. 17A-C), in addition to viruses with
morphological similarity to filamentous bacteriophages, as defined by a filament-like shape.
However, these filamentous bacteriophages are likely the tails of other phages which have
cleaved off during sample processing (Fig. 17A-D). Numerous diverse bacteriophages were
present (Fig. 17E-H), and were distinguished by the structure of a head, or capsid, and in some
cases a tail, although other phage morphologies exist beyond this structure (i.e. without a tail).
The Myoviridae family morphology was present, with an icosahedral (20 sides) head and a rigid
tail (Fig. 17E-F). The structure of a phage lambda (1) displaying the Siphoviridae family
morphology, which commonly infects E. coli, was also identified (Fig. 17G-H). The protein head
of capsid is icosahedral (Fig. 17G) and elongated (Fig. 17H), containing the nucleic acid. The
head is joined to a tail possessing a long thin tail fiber at its end (for host recognition). The tails
are composed of a hollow tube, through which the nucleic acid passes into the host during
infection.

Delayed resilience in viral gut community composition post antibiotic perturbation.
Multidimensional scaling analysis of the viral community based on viral OTU level
demonstrated a clear clustering based on day (Fig. 18). Samples at day 0, prior to treatment,
clustered together and underwent large changes shifting after 14 days of antibiotic treatment.
Post antibiotic treatment, the viral community shifted from day 14, and appeared to recover by
clustering more closely with day 0, with the average dissimilarity declining from a maximum
dissimilarity at day 14 from day 0 (SIMPER analysis = 62,37) to day 86 from day 0 (SIMPER
analysis = 53.2) (Fig. 18 and Appendix 2 Tables S5-8). However, the community at day 86 did
not fully recover and remained significantly different from day O (Fig. 18 and Appendix 2 Tables

S4 and S8). Additionally, no significant difference between the genotypes was detected.
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Figure 18. Non-metric multidimensional scaling analysis (MDS) of the viral species level community
composition based on Bray-Curtis.

High inter-individual variation of viral community composition.

Sequencing revealed mice fecal viromes were composed of approximately 56% bacteriophages,
3% eukaryotic viruses, and 41% currently unclassified sequences. Bacteriophages were highly
diverse (Fig. 17E-H, and 18), with dominant phages belonging to the genera Cellulophaga,
Parabacteroides, Lactobacillus, Enterococcus, Bacillus, and to the species Enterobacteria
Phage cdtl (Fig. 19). Large changes within the community composition occurred during
antibiotic treatment (day 14), which was distinct from pre-treatment at day 0 (Fig. 18 and 19).
Interestingly, an increase in relative abundance in Phage ctd1 was observed in most samples at
this time (day 14), after which the relative abundance of this species was reduced (Fig. 19).
Moreover, Phage cdtl was not detected at day 0. During the recovery phase, the viral community
composition demonstrated huge variability within one week of antibiotic cessation (Fig. 19).
However, no clear pattern of recovery over time or between the genotypes could be observed,

with high inter-individual variation of viral community composition present throughout.
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Figure 19. Viral community composition in WT and NOD2 KO mice. Roman numerals represent an individual
mouse across time (in days). Bacteriophages were grouped by their corresponding bacterial host based on tblastx
hit of the RefSeq viral sequence database.
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Community variation is driven by both the viral and bacterial composition.

To determine whether specific taxa were responsible for driving the shifts in the community
composition, the viral community was fitted to the bacterial community at the OTU level, and
was found to explain 99.2% of the community variation (Fig. 20). Moreover, compositional
shifts in the communities were significantly correlated, where changes in the communities
occurred in a similar direction and magnitude (RELATE, P = 0.001, 999 permutation). The shifts
occurred in both genotypes and were explained by the recovery time post antibiotic treatment.
Interestingly, during antibiotics the relative abundance of Phage cdtlincreased, and explained

the greatest variation within the bacterial community by 24.3% (Fig. 20). Moreover, the average
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Figure 20. Distance-based redundancy analysis (dbRDA) plot of bacterial community composition fitted to the
viral community composition using distance-based linear modeling (DistLM) sequential tests with R? selection
criteria using the forward selection procedure. Points on plot represent bacterial community of an individual and
names represent bacteriophages infecting specific bacterial taxa (i.e. bacteriophages of Bacteroides). Lengths of
vector overlays indicate relative influence of fitted predictor variables.
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Figure 21. Genome of phage with high mapping similarity to Phage ctd1.

dissimilarity between day 0 and day 14 was explained by the higher relative abundance of Phage
cdtl and the relative reduction of Parabacterioides phages and Bacteroides phages (Fig. 19 and
Appendix 2 Table S5).

To verify the result of the tblastx prediction for Phage cdtl, the protein composition of
the nucleotide sequence was analyzed to determine whether the sequence encoded components
typical for a virus. Phage cdtl was confirmed to contain the typical properties of a
bacteriophage, with a head (i.e. lysis and phage-like protein) and tail structure (i.e. tail shaft)

(Fig. 21).

3.2. Fecal Transfer

A similar setup to study the dynamics of the viral community was used in a human case
study. Fecal microbiota transplantation (FMT) is a highly effect therapy for RCDI; however, the

therapy is also accompanied by potentially incalculable long-term risks largely due to the
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transfer of living microorganisms. To reduce this risk in patients with limited eligibility for FMT,
a study investigating sterile fecal filtrates, rather than intact microorganisms, was performed.
Stool was collected from 5 patients with symptomatic chronic-relapsing CDI and 5 donors
selected by the patients. Donor stool was sterile-filtered to remove small particles and bacteria,

and transferred to the patients in a single administration (perturbation) via nasojejunal tube.
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Figure 22. (A) Principle coordinate analysis (PCoA) of Bray-Curtis distances of the bacterial community in the
donors and patients across time. (B) Shannon index of bacterial diversity, with patient’s respective donor
connected by dotted line.

Sterile fecal filtrate transfer (FFT) eliminated symptoms of CDI for at least 6 months in all five
patients (Appendix 3 Table S1). Comparing patient samples from before, 1 week after, and 6
weeks after FFT demonstrated that FFT led to substantial bacterial community shifts (Fig. 22A).
All patient samples after 6 weeks were found to cluster separately from their respective day 0
samples, with the greatest observable difference in patient 3 and 4 (Fig. 22A). Importantly, in
contrast to conventional FMTs, FFT cannot be expected to establish a bacteriome similar to that

of the donor in the respective recipient (Fig. 22A).
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Shannon diversity was also found to have increased in all patients 6 weeks after FFT,

with recipient samples resembling their donors more closely (Fig. 22B). However, patient 5 had
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Figure 23. Virome composition of the donor (day 0), the FFT filtrate, and patient 4 samples before FFT
treatment (day 0), and 1 and 6 weeks after treatment.

a loss of diversity 1 week after FFT, before also resembling the respective donor’s level of
diversity (Fig. 22B). Markedly, patient 4, which had the lowest diversity of all samples at day 0,

demonstrated the largest increase in diversity in as little as 1 week.
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The filtrate used for patient 4 was analyzed for virus-like particles (VLPs) and found to
harbor a complex viral community primarily composed of bacteriophages (Fig. 23, patient 4).
Additionally, longitudinal changes in the bacterial and viral community structures were observed
in the patient’s fecal samples after the sterile fecal filtrate transfer (Fig. 23 and Appendix 3 Fig.
S1). Interestingly, patient 4, which had an expansion of the relative abundance Proteobacteria
(attributed mostly to Escherichia species), had a significant community shift within 1 week after
fecal filtrate transfer (FFT) (Appendix 3 Fig. S1A, B). Within the viral composition of patient 4,
all samples, including those of the donor, were dominated by Lactococcus bacteriophages
(Figure 23). Of note, immediately after FFT (patient stool day 0), an abundance of
Enterobacteria phage was observed, which was still observable 1 week after FFT. This may in
part explain the bacterial shift observed during this time. Moreover, the FFT substantially altered

the virome of patient 4, and ultimately resembled that of the donor after 6 weeks (Figure 23).

3.3. Immunoglobin A Levels

SIgA, or IgA, plays a key role at mucosal surfaces by binding to pathogens, and by
regulating the commensal bacterial community. Moreover, low levels of IgA have been
associated with an increase in gastrointestinal diseases. Yet, despite its importance, IgA levels
have remained undetermined in many murine lines and wild mice. As such, fecal IgA levels were
measured to determine whether a pattern of IgA levels could be established across different
genotypes,
3.3.1. IgA Levels in Wild Mice

In wild mice, no significant differences were observed when comparing IgA levels to

gender, genotype, geography, haplogroup, population, or haplotype (Fig. 24). However, when
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Figure 24. (A-F) Fecal I1gA levels (ng/mL) from wild mice (in the area of Espelette, France). (C) Haplogroups
were determined by the mitochondrial D-loop sequences and grouped from (F) haplotypes according to
Bonhomme et al.. 2011'%,

comparing genotypes, heterozygotes appeared to divide into two groups of fecal IgA levels,
where one group had a lower fecal IgA levels compared to the WT C57BL/6 and RIIISJ
genotypes (Fig. 24A). Seven different outliers with very high IgA levels were also identified. To
determine whether high IgA levels were associated to gut inflammation, intestinal scores from
histology were compared to all seven identified outliers (Appendix 4 Table S7A, B).
Interestingly, all outliers had inflammation either in the ileum, cecum, proximal colon, or the
distal colon, with most inflammation occurring in the cecum and proximal colon (Appendix 4
Table S3). However, inflammation was observed in all mice, independent of high IgA levels.

Moreover, none of the mice with the highest intestinal scores were found to have high IgA.
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3.3.2. IgA Levels in Lab Mice

In ATG16L1 lab mice, a difference was observed between the genders, where female mice had
lower fecal IgA levels compared to males (Figure 25). However, no significant difference was
observed between the KO and fl/fl, or between the genders, although large individual variation
was present. Interestingly, although not significant, a difference was observed between KO and

fl/fl in females, which was not seen in males.
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Comparing male C57BL/6 wild mice to lab mice revealed that wild mice had
significantly higher fecal IgA levels (Fig. 26A, P=0.0023). NOD2 KO mice did appear to have a
higher serum IgA level compared to WT, although this difference was not significant and with
large individual variation (Fig. 26B). Moreover, the mean serum IgA level in NOD2 KO was

similar to the mean fecal IgA level of lab mice (Fig. 26A, B).
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Figure 26. (A) Fecal IgA levels in male C57BI/6J wild mice and lab mice (t-test, P=0.0023). (B) Serum IgA
levels in male C57BL/6J and NOD2 KO mice at day 86 from the single pulse disturbance experiment.
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Chapter 4 — Discussion

4.1. NOD?2

Here, we demonstrate a complex relationship between bacteria, fungi, and viruses in the
gut, where an antibiotic perturbation creates significant community shifts, and a long-term
increase in fungal diversity. We also observed an increase of antibiotic resistance genes in the
gut bacteria of both genotypes. It is important to note that our study setup used targeted PCR
assays, thus it is likely that more resistance genes are present, but could not be identified with the
current set of assays. With the given panel of specific assays covering a number of important
resistance genes; however, the observed pattern of antibiotic resistances was independent of the
NOD?2 deletion.

4.1.1. Bacteriome

Contrary to some previous studies in mice and humans, including our own, we did neither
observe an increase in Bacteroidetes at the phylum level in the KO, nor were KO and WT
animals different at the [I-diversity level at the beginning of the experiment’®’28687.166-168
Several factors may serve as an explanation for these observations: (i) Three of the studies,
including our own, demonstrated the strongest differences between NOD2-/- and WT
communities in ileal content or in mucosal tissue samples. (ii) As our current experiment was
performed in a different animal house compared to our previous study, we cannot fully exclude
other complex influence factors, which are related to different standards of hygiene, food and
bedding. (iii) The experiment was performed in middle-aged mice (52 weeks of age at the start

of the experiment) in order to reflect a mature gut bacterial community. A previous study has

shown that shifts in Bacteroidetes are an important part of the altered taxonomic composition of
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the intestinal microbiota during ageing *®. Thus, the effect of age may override the genotype
effect.

A significant increase in the bacterial relative abundance of Proteobacteria, namely
E.coli/Shigella, was observed during treatment. Interestingly, a significant association between
the NOD?2 risk allele and an increase in the relative abundance of Enterobacteriaceae has been

previously reported *°

, With numerous studies supporting the observed increase in abundance, or
even an expansion, of Proteobacteria and Enterobacteriaceae in IBD patients *"*". Notably,
similar results were reported in a study where vancomycin alone was sufficient to induce these
same changes ™. Despite this, most NOD2 studies have been static and did not address the role
of environmental perturbations *’. In particular, vancomycin has been shown to cause distinct

responses in the gut microbiome, promoting the expansion of Proteobacteria®™> "’

, including
Enterobacteriaceae or E. coli >, Vancomycin targets Gram-positive bacteria, and may have
created niche availability to members of the Gram-negative phylum Proteobacteria, highlighting
that antibiotics alone cause changes in the microbial community, regardless of genotype. This
may be possible through antibiotic disruption of the gut microbial food web, which in turn may
have led to an increase in microbiota liberated sugars, promoting the growth of opportunistic
pathogens, such as members of the Enterobacteriaceae family*’®*”°. Alternatively, the observed
gut microbial shifts during the antibiotic perturbation may have also resulted from nutritional
immunity, whereby the host innate defense sequesters essential nutrients from pathogens through
the induction of calprotectin by neutrophils'®*®. However, independent of genotype, E. coli, in
addition to multiple Gram-negative bacteria, have the zinc uptake regulator/repressor Zur and a

ZnuABCzinc transporter ', and thus allowing for growth in the inflamed gut **. It is tempting

to speculate in such a scenario, since the bacterial shift was observed in both genotypes and
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cessation of antibiotics lead to both a decrease and shift of E.coli/Shigella, and a partial recovery
of the community by day 21. Taken together, this suggests that an observed enrichment of
Enterobacteriaceae, is an important indicator of post-antibiotic dysbiosis, and is not unique to
NOD?2 deficiency.

Unsurprisingly, we observed a decrease in bacterial diversity in both genotypes during
antibiotic administration. As seen in our results, low richness samples have often been described
to be composed of, and or dominated by, Proteobacteria, including Enterobacteriaceae, compared
to the high richness samples composed of Firmicutes, including Lachnospiraceae '®2. Studies
have shown that when the resilience of a community is low, transitory changes to the structure
occur, which may increase the community’s susceptibility to invasion (by non-indigenous
transient species), and thus cause functional changes. This change in function may be harmful if
necessary for the health of the host, and in turn, may additionally lead to the colonization of
(opportunistic) pathogens °. For instance, Enterococcus faecalis can disrupt the epithelial barrier,
increasing inflammation in mice through the production of gelatinase, yet this only occurs when
the host has a genetic susceptibility to inflammation (i.e. NOD2 deficiency) '*%. Moreover, in

IBD, the intestinal microbiota plays a role in driving an inflammatory response %°

, and
Enterobacteriaceae has been associated with low grade inflammation *®*. Hence, we expect low-
grade inflammation likely occurred during the antibiotic period where an increase in
Enterobacteriaceae and significant weight loss occurred (Fig. 1B and 3A,B). Intestinal
inflammation may also result in an increase in intestinal permeability, leading to the

translocation of microbial products, and at times translocation of viable bacteria, to

extraintestinal tissues and organs, including the liver *®. This may in part explain the significant
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difference in liver weight between WT and KO, where KO liver weight was greater, even at the
conclusion of the study, and long after antibiotic treatment.
4.1.2. Mycobiome

In mice, gut inflammation can also promote proliferation of fungi **®, and overgrowth of
fungi in the gut is additionally promoted through the use of antibiotics **%, From the onset of
antibiotics, we observed fungal community diversity significantly increased. Although
perturbations from oral broad-spectrum antibiotics often lead to a reduction in commensal
bacteria, allowing pathogen proliferation and the development of gastrointestinal inflammation
178 "another possibility for this observation is that loss of NOD2 leads to a faulty recognition of
fungi causing certain taxa to dominate **. NOD2 is also responsible for chitin recognition, an
essential component of the cell wall of all fungal pathogens, and together with the mannose
receptor and TLR9, induces an anti-inflammatory response during fungal infection '*°. However,
we observed an increase in fungal diversity in both genotypes, thus the loss of protective
bacteria-bacteria interactions may be further driving this shift, where these interactions
contribute to resistance against fungal infections **°.
4.1.3. Calprotectin Levels

Calprotectin, a neutrophil protein, is essential for host defense against bacterial and
fungal pathogens. Moreover, fecal calprotectin levels are used to evaluate the host inflammatory
response in the gut, and is a useful biomarker for disease activity and diagnosis of IBD***1%,
Recently, calprotectin has been shown to provide anti-fungal protection in a dose-dependent
manner, where at low doses it functions as a reversible fungistatic (inhibitor of fungal growth),
and at high doses it causes starvation and the killing of fungi'®**®*. In bacteria, calprotectin

renders pathogens more sensitive to host immune effectors leading to a reduction in bacterial
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growth'®° However, some bacteria, such as Escherichia coli and S. Typhimurium, have been
shown to be resistant to calprotectin’s mediation of zinc sequestration (nutritional immunity),
providing a competitive growth advantage and colonization of the gut during pro-inflammatory

conditions®%1%

. It is possible that the observed greater relative abundance of Escherichia
coli/Shigella during antibiotic administration is in part a result of the taxa’s ability to overcome
calprotectin-mediated metal sequestration (Fig. 7A and B).

Interestingly, results demonstrated a reduction in calprotectin levels during antibiotic
administration in NOD2 KO mice from day 0 (pre-treatment) to day 14 (Fig. 15). One possibility
for this observation is that in NOD2-deficient mice, the absence of spontaneous colitis can be
attributed to the altered gut permeability caused by both the high mucosal cytokine production
and the increased activity of myosin light chain kinase (MLCK). The microbiota, acting through
MLCK-mediated effects on epithelial tight junctions, changes the permeability of the Peyer’s
patch epithelium in NOD2-deficient mice®®"'%. These changes in permeability lead to the
dendritic cell exposure to TLR ligands, and changes within the microbiota. Studies in IBD
patients have also shown similar results, where both increased permeability and an altered
microbiota were associated with NOD2 polymorphisms with no inflammation®*%. Another
possibility is that some fungi, including some Candida and Penicillin species, can inhibit
intestinal inflammation through the dose dependent production of the metabolite gliotoxin®®.
Taken together, these results highlight the complexity of the gut polymicrobial communities.
4.1.4. NOD2 Virome

Here, the dynamics of the mouse gut virome during an antibiotic perturbation was

demonstrated to be highly variable among individuals. This high inter-individual virome

diversity has also been reported previously in the human gut virome®*?°*, Furthermore, similarly
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to the human gut virome, the mouse gut virome was established to contain a large diversity of
primarily bacteriophages, in addition to a much lower diversity of viral eukaryotes®*33%,
Additionally, consistent with previous reports, the most abundant viral taxa identified were
bacteriophages of the order Caudovirales (i.e. Phage cdtl and Cellulophaga phage) and the
family Microviridae (i.e. Parabacteroides phage)***?°". The presence of large viruses could not
be established as a filtration step during sample processing removed all viruses larger than 0.45-
pm. Most studies to date have not reported the presence of large viruses as a result of filtering
methods during isolation and extraction'®”. It is possible that these viruses are present more often
than originally considered, though it remains to be seen what role they may play within the host.
Furthermore, although antibiotics do not directly target viruses, our results demonstrated
significant changes in the bacterial community, which in turn largely impacted the gut
bacteriophage community. It is possible that the outgrowth of E.coli/Shigella during antibiotic
treatment lead to the bloom of their respective bacteriophage (i.e. Phage cdtl) as expected in
“kill-the-winner” dynamics®’. Metagenomic analysis would help to elucidate these dynamics by
detecting whether prophages are integrated within the respective genomes of the bacterial host,
as the activation of latent prophages leads to the lysis of their hosts and ultimately impacts the
ecology. Interestingly, the viral community appeared to have a delayed resilience, where the
community was re-approaching a structure similar to day 0 (pre-treatment). However, contrary to
a previous study in humans, no unique changes in the bacteriophage community occurred
specific to the NOD2 KO?. Despite this, compositional shifts in the bacterial and viral
communities were significantly correlated, where changes in the communities occurred in a

similar direction and magnitude. This indicates that the virome may have a role in IBD through
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interactions with the bacterial community, and further studies are needed to understand

transkingdom interactions within the microbiome.

4.2. Fecal Transfer

Although the exact mechanism of action of FMTs is unknown, numerous studies have
demonstrated its efficacy in treating RCDI**#!**118 Although FMTs have been shown to be safe,
reducing the risk in immunocompromised patients would be highly beneficial. The results of this
clinical case study showed that the transfer of sterile filtrates from donor stool is sufficient to
restore normal stool habits and eliminate CDI symptoms (for at least for 6 months). This
indicates that the viral community (largely composed of bacteriophages), antimicrobial
compounds, metabolites, or bacterial components may be responsible for the successful
treatment and recovery of patients, rather than the bacterial community as previously thought.
Thus, sterile fecal transfers may be an effective alternative approach, particularly for
immunocompromised patients, for which the risk of transferring unknown bacterial pathogens or
undetectable functional properties within the living the living microbes to the recipient would be
I’EdUCEdllg'zOl’zoz.

Taken together, perturbations led to substantial shifts in the viral communities of both
mice and humans, further emphasizing the beneficial and detrimental effects viruses can have in
response to environmental and host factors. In particular, the results presented here indicated that
bacteriophage species may be playing an important role in either upregulating or downregulating
the bacterial community. Restoring a healthy virome may therefore be a central goal of
microbiota-targeted therapies, and highlights the importance of longitudinal studies to better

understand factors contributing to resilience.
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4.3. Immunoglobin A Levels

Intestinal IgA is important in the regulation of the commensal bacterial populations and
acts as an important first line of defense against ingested pathogens'®?%. Interestingly, in the
house mouse, a blood group-related glycosyltransferase, B4galnt2, displays cis-regulatory
variation by directing tissue-specific expression®. In the wild-type allele (C57BL/6J strain),
B4galnt2 drives intestinal epithelial expression, whereas RIIIS/J inbreed mice have a phenotype
causing a switch in expression to a vascular endothelial pattern, similar to the human bleeding
disorder Type 1 von Willebrand disease (VWD)?®. It has been hypothesized that the prolonged

bleeding in mice with the RIIIS/J allele may be protective against gut pathogens*

. As such,
lower levels of fecal IgA were expected in these mice compared to WT mice. However, no
significant difference was observed in fecal IgA levels between WT, heterozygotes, or RINIS/J
mice (Fig. 24A). Noticeably, heterozygotes appeared to divide into two groups of fecal IgA
levels, where one group had a lower fecal IgA levels compared to the WT C57BL/6 and RI11S/J
genotypes (Fig. 24A). It is well established that individuals either heterozygous or homozygous
for the RINIS/J haplotype display lower levels of plasma von Willebrand factor (VWF) levels
compared to those that do not have the RINIS/J haplotype, and it has been postulated that low
VVWEF levels may represent a fitness cost that is offset by the benefit associated to gastrointestinal

pathogen resistance?***%

. Heterozygotes are particularly interesting in this system as they
express B4galnt2 in both the gastrointestinal tract and in the blood vessels. Thus, it is possible
that the dichotomy observed in fecal IgA levels in heterozygotes may be reflecting this trade-off.

On the other hand, fecal I1gA levels did not reveal any significant patterns for which

strong associations between IgA levels and the different alleles, gender, population structure, or

geographical distribution tested could be explained. This is in part due to the numerous factors
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that could not be controlled, such as age, pathogen burden, diet, or co-habitation. In a previous
study, little to no correspondence was identified where the observed allele frequencies were
compared to the population structure across France and Germany?®®.

To determine whether differences in fecal 1gA levels existed in lab mice, ATG16L1 mice
were used due to their role in autophagy and the allele’s known risk for CD?*’. ATG16L1 mice
revealed a difference between the genders, where females had lower IgA levels compared to
males, although no significant difference was observed (Fig. 25A, B). Comparing differences
between KO and fl/fl, females appeared to demonstrate a phenotype, where fl/fl mice have lower
IgA levels. Moreover, this pattern was not observed in males. However, these observations were
not significant, and require further verification with a larger sampling size. Interestingly,
ATG16L1 mice also showed a significant difference in fecal IgA levels across time, where
weeks 19 and 20 had the highest levels in both genders compared to weeks 13 and 17 (Fig. 25C).
Distinguishing between the genders further revealed that males had a slightly higher fecal IgA
level compared to females (Fig. 25D).

Unsurprisingly, higher fecal IgA levels were observed in the wild mice compared to lab
mice, likely a result of seasonal pathogen burden and diet. This was contrary to a recent study
comparing lab mice to wild mice from the southern United Kingdom, where no significant
difference was observed?®. It remains to be determined whether a pattern can be established

across other genotypes.
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Chapter 5 — Conclusions

5.1. Conclusions

Loss of NOD2 leads to a delayed or impaired resilience in the bacterial community. This
delayed recovery may be playing a much more important role than previously known by
providing a window of opportunity to potentially opportunistic pathogens, which may be driving
inflammation and dysbiosis in genetically susceptible individuals. Furthermore, antibiotics also
created a shift in both the fungal and viral composition to an alternative stable state, for which
the consequences remain unclear. These results provide evidence of the role of NOD2 for
controlling resilience of the intestinal microbiota, and suggest that uncontrolled dynamics of
intestinal microbiota after perturbation could be involved in the etiology of IBD. Hence, NOD2
may serve as a key regulator of intestinal homeostasis. The resilience of microbial communities
is a critical factor to host health and our results emphasize the need for more longitudinal studies
in order to identify these dynamic shifts. Microbial resilience to antibiotic treatments can have
considerable individual variation and is in part determined by the genotype of the respective
host; consequently, perturbations and current treatments need further evaluation in individuals at

genetic risk.

5.2. Future Perspectives

To further understand the effects of compounded perturbations, a new animal proposal is
currently undergoing revisions for approval by the ethical committees of respective institutes.
The proposal aims to investigate the bacterial and viral gut community response to multiple

antibiotic pulse disturbance events. First, the study aims to investigate the resilience phenomenon
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in C57BL/6J male mice (Figure 27). To determine the effects of multiple antibiotic disturbances
on the microbiome, metagenome, and virome, a work flow composed of two antibiotic
treatments, serving as two pulse disturbance events, will be administered to C57BL/6J mice.
Two groups (A and B) composed of 20 mice each will be given a different antibiotic in the first

round of treatment, where group (A) will receive ampicillin, and (B) ciprofloxacin. In each of the
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Figure 27. Experimental work flow demonstrating longitudinal study using C57BL/6J male mice.
Two pulse disturbance events (antibiotic treatments) for 2 weeks each will take place, followed by a
recovery period of 6 weeks each to study resilience. The first antibiotic treatment given to all mice
will be dependent on the group, where group (A) will receive ampicillin, and (B) ciprofloxacin. Mice
will then be split in both groups and the second antibiotic treatment will be ampicillin for half of the
mice, whereas the other half will receive ciprofloxacin. Sampling to study the microbiome (16S),
two groups (A and B), mice will then be divided, where 10 mice will receive ampicillin, while
the other 10 mice will be given ciprofloxacin. Mice will be split to observe cross-resistance,
where microbes may have acquired resistance genes through direct exposure to the antibiotics.

All control groups will receive only water. Each pulse event, including the resilience period, will

take place over 8 weeks (56 days), for a total of 16 weeks. During this period, 2 weeks will serve

78



as the pulse event (antibiotic treatment), and the remaining 6 weeks as the resilience period.
Secondly, the study aims to investigate the effect of genotypes on the resilience phenomenon,
where NOD2 (KO) mice will be used instead of C57BL/6J.

Antibiotics were selected based on their use in previous studies, current laboratory use, and
prevalence. In addition, antibiotics were selected based on their broad spectrum effect on both
gram positive and gram negative bacteria. Ciprofloxacin acts by inhibiting DNA gyrase, a type Il
topoisomerase enzyme necessary to separate bacterial DNA, as well as topoisomerase 1V, thus
inhibiting cell division®®. Moreover, ciprofloxacin is commonly used to treat Crohn’s
disease®’®?'*. Alternatively, metronidazole is also commonly used, and unlike ampicillin or
clindamycin, metronidazole is also used to treat C. difficile infections, serving as a possible
alternative antibiotic of interest?**#2. On the other hand, ampicillin acts as an irreversible
inhibitor of the enzyme transpeptidase, which is needed by bacteria to develop their cell walls,
thereby inhibiting the final stage of bacterial cell wall synthesis in binary fission, leading to cell
lysis®®. Interestingly, ampicillin is associated with the induction of C. difficile associated
disease®*. Clindamycin is also known as a high risk antibiotic and may additionally serve as an
alternative antibiotic of use?™*. Due to their prevalence, widespread antibiotic resistance has
emerged from the use of these antibiotics.

This study will serve as a basis for future research to answer questions regarding
microbial diversity-function relationships. One such question is whether press and pulse
disturbances select for different community members, and as such, have different effects on
microbial resistance and resilience. Additionally, this study will serve as a foundation regarding
the responses of the microbial community to combinations of both pulse and press antibiotic

disturbances as seen in patients with IBD and Clostridium difficile infections. Finally, alternative
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stable states may be detected and even predicted, which may have clinical use in patient
management. Though the study uses a murine model, in the future, using human samples that
have undergone antibiotic treatment would provide further insights into the resilience

phenomenon. In particular, humans with the genes for disease susceptibility would be of interest.
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Appendix

Appendix 1 — Online Material

Raw FASTQ reads generated from the study, “NOD2 influences intestinal microbial resilience
after antibiotic perturbation”, were uploaded to EBI's ENA under the Accession Number
PRJEB21817 (http://www.ebi.ac.uk/ena/data/view/PRJEB21817). Metadata associated to all
samples used in this study, and the OUT tables for bacteria and fungi, with corresponding
taxonomic classifications, have all been included in the manuscript as Additional files 10, 11,
and 12, respectively.

Appendix 2 - NOD2
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Figure S1. WT and KO mice mean weights of (A) liver, (B) spleen, (C) caecum, and (D) colon length.
(Mann-Whitney test, *P < 0.05).
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Figure S2. Principle coordinate analysis (PCoA) based on Jaccard of (A) WT, and (B) KO at day 0 (brown),
day 14 (red), day 21 (orange), and day 86 (pink).
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Figure S4. Principle coordinate analysis (PCoA) of fungi where Jaccl explains 10.47% and Jacc2 explains 8.39%
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and day 86 (blue). (D) Chaol index demonstrating fungal richness in WT and KO across time. Time points (day
14, 21, and 71) in both genotypes are significant when compared to day 0 (Student’s t-test, P < 0.05).

119



A

100~
075~
050~

0256~

s 0.00-

o

> 100~
075"
(ETE

025-

0.00-

' '
do d14

value

1.00-
0.75-
0.50-
0.25-
0.00-
' i
do d14

Phylum level

dé 1
Day
Class level

21
Day

'
&

'
d71

'
@80

'
d86

1.00-
0.75-
0.50- 3
0.25-
0.00-

Phylum
FLNgI_Ascomycoia
rungi_Dasidiomycota
Fungi_Chyticiomrycaa
Fungi_tnidertified
FLngl_zygomycota

Class
Fungi_Ascomycota_Dothideomycetes
Fungi_Ascomycota_Eurotiomycetes
Fungi_Ascomycota_Incertae_sedis
Fungi_Ascomycota_Lecanoromycetes
Fungi_Ascomycota_Leotiomycetes
Fungi_Ascomycota_Saccharomycetes
Fungi_Ascomycota_Sordariomycetes
Fungi_Ascomycota_unidentified
Fungi_Basidiomycota_Agaricomycetes
Fungi_| i

Fungi_f Ci

Moltzau 2017

Fungi_E L)
Fungi_Basidiomycota_Incertae_sedis
Fungi_E

Fungi_Basidiomycota_Tremellomycetes
Fungi_Basidiomycota_unidentified
Fungi_Basi L

Fungi_Basidiomycota_Wallemiomycetes
Fungi_Cl _Cl

Fungi_unidentified_unidentified
Fungi_Zygomycota_Incertae_sedis

Figure S5. Fungal relative abundance (%) of community composition in KO and WT at (A) phylum level and

(B) class level.

120



Phylum level

100 - '

75 - [

50 - [

2% - [

i ‘

100 -

75 N{NIN
% / / /
25

0

100 -

75

25

0

100 -

75 - N
% - /
25 - A
0

100 -

75

50

25

0

xh X32 X35 X3 X37 X38 X4 X24 X43 Xa4 X45 X46 X47 X51 X52 X53 X54 X355
Mouse number

viP

Phylum
Fungi_Ascomycota
Fungi_Basidiomycota
Fungi_Chytridiomycota

Fungi_unidentified

(%43

Relative Abdounce (%)
8

Fungi_Zygomycota

(744

98P

Figure S6. ITS1 fungal relative abundance (%) of phylum level community composition in all KO and WT
individuals across time (days 9, 14, 21, 71, 86). N/A indicates sample unavailable.
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Family/Genus Target Target Gene Assay 1D Context Sequence

A CTX-M group9 | Pa04646127 s1 | GCTTAATCAGCCTGTCGAGATCAAG
ESBL SHV Pa04646134 sl | CGCTTTCCCATGATGAGCACCTTTA
) TEM Pa04646128 s1 | GCGGCCAACTTACTTCTGACAACGA
E“‘crgﬁafltl‘:‘nr?a"cae OXA-1 Pa04646133 51 | TCATACACCAAAGACGTGGATGCAA
Prowgbactéria AmpC BIL/LAT/CMY | Pa04646135 s1 | TAAGACGTTTAACGGCGTGTTGGGC
Resistance ACT/MIR Pa04646124 s1 | ACCGTTACGCCGCTGATGAAAGCGC
Carbapenem VIM Pa04646155 sl | GATGGTGATGAGTTGCTTTTGATTG
Resistance KPC Pa04646152 s1 | CCTCGTCGCGGAACCATTCGCTAAA
Enterococcus v 2 vanA2 Pa04646147 s1 | AGCTACTCCCGCCTTTTGGGTTATT
Phylum: ;:;2&’2;“ vanB Pa04646150 s1 | AACTTAACGCTGCGATAGAAGCGGC
Firmicutes vanC2-C3-2 | Pa04646122 s1 | TTGAGATCGGTTGCGGTATTTTGGG
B Target Gene Target Associated Phylum | Individual Mouse | Day Resistance Gene Present
ACTMIR AmpC Resistance Proteobacteria #46 WT Day 14
ACT/MIR AmpC Resistance Proteobacteria #55 WT Day 71
vanC2-C3-2 Vancomycin Resistance Firmicutes #24WT Day 21 & Day 71
vanA2 Vancomycin Resistance Firmicutes #32 KO Day 0
vanC2-C3-2 Vancomycin Resistance Firmicutes #35KO Day 14
vanC2-C3-2 Vancomycin Resistance Firmicutes #11 KO Day 21
BIL/LAT/CMY AmpC Resistance Proteobacteria #7 KO Day 21

Table S1. (A) Assays employed in this study as part of the TagMan® based microfluidic real time PCR system.
(B) Summary of resistance genes present in individual mice from days 0, 2, 14, 21, and 71. Presence of
resistance genes was determined by qPCR assays as listed in App. 2 Table S1A.

Bacteroidetes | Proteobacteria | Verrucomicrobia | Firmicutes | Tenericutes

TreatmentWT 6,26E-01 1,38E-01 0,576497 8,23E-01 5,10E-01

factor(day)2 1,29E-05 5,72E-11 0,302459 2,94E-08 3,31E-01

factor(day)9 1,40E-11 0,00E+00 0,001512 1,11E-11 8,29E-03
factor(day)12 0,00E+00 0,00E+00 0,000808 3,87E-11 9,03E-03
factor(day)14 1,74E-14 0,00E+00 0,016084 2,96E-03 4.29E-03
factor(day)21 1,30E-01 8,27E-01 0,190371 3,10E-01 3,00E-01
factor(day)28 5,46E-02 5,50E-01 0,025025 8,18E-01 2,35E-02
factor(day)49 5,33E-03 5,38E-01 0,932214 2.24E-02 1,40E-02
factor(day)70 9,37E-01 1,80E-01 0,290782 5,25E-01 7,10E-01
factor(day)86 3,58E-01 1,04E-01 0,023226 1,71E-01 2,35E-01

Table S2. Exchangeable correlation matrix (GEE) of phylum level gut bacteria, where factors are time points
across the longitudinal study and treatment is WT day 0 (pretreatment). Highlighted boxes indicate significance
(P <0.05).
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Treatment A4S s v | nen -6 aila aneasla zeaszla apansl 6 5 . sisins b aasa AATSR — —
WT 0,0453120,4866| 2,34E-01 | 2,08E-01 | 2,41E-01 | 2,16E-01]0,40942(0,69085(0,70228| 0,74512 |4,95E-01|7,01E-012,27E-01|2,23E-01|7,72E-01]3,62E-01
factor(day)2 0 0,182 | 1,20E-08 | 8,29E-06 | 2,69E-01 | 1,89E-01{0,0070210,55719] 0  [0,125309|3,87E-02(6,14E-01|1,83E-05]1,94E-13|1,95E-08]6,03E-01
factor(day)9 0 ]0,0396]2,22E-16 | 6,63E-10| 7.44E-15 | 1,67E-06/0,218070,72818| 0  |0,000455]1,31E-07(3,44E-04]1,12E-02|1,94E-10|1,78E-05]1,11E-03
factor(day)12| 0  |0,1362|0,00E+00| 5,55E-16 [0,00E+00|5,60E-09]0.09343[0,00278[ 0  |0,000339]1,54E-07|8.98E-06{6,55E-04]1,84E-13|8,18E-11|2,44E-06
factor(day)14 0 0,67340,00E+00]0,00E+00]0,00E+00]1,43E-02]0,00563]0,46939] 0  [0,633845|2.43E-05|1,22E-01|2,26E-06{4,35E-14]|4.24E-12]5.31E-07
factor(day)21|0,000144]0,0241 5,32E-07 [ 4,81E-02 | 3,98E-01 |2,56E-01{0,13552]0,31411{0,00301]0,142477|2,44E-02|6,33E-01]1,40E-02|6,48E-01 [4,23E-02|4,28E-01
factor(day)28(0.031842]0,0887| 2,72E-02 | 3,98E-04 | 4,26E-01 |5,28E-01]0,02707] 0,2149 |0,051530,018377{1,01E-01)7.80E-02]9,71E-03|9,53E-01|3,11E-01|6,40E-01
factor(day)49(0,535091]0,3141| 5,96E-01 | 3,07E-10] 9,81E-01 | 1,07E-01| 0,1357 |0,86042]0,03436| 0,03386 |3,19E-01]3,92E-02|3.62E-03|2,77E-01]2,70E-01|2,02E-02
factor(day)70(0,085452]0,1169| 3,41E-01 | 4,62E-07 | 8,92E-04 | 8,38E-03]0,09318]0,96517]0,26435|0,765982|5,02E-02)2,39E-01|1,91E-02|8,26E-01|4,44E-01|1,89E-01
factor(day)86(0.415301]0,1269| 7,12E-01 | 7.83E-11| 3,53E-01 | 1,57E-03]0,14705]0,22099[0,68781| 0,07713 |1,54E-01]1,40E-01|2,14E-03|1,73E-01|1,85E-01|8,62E-02

Table S3. Exchangeable correlation matrix (GEE) of genus level gut bacteria, where factors are time points
across the longitudinal study and treatment is WT Day 0 (pretreatment). Highlighted boxes indicate significance

(P <0.05).

Groups R P-value Possible Actual Number >=
% Permutations | Permutations Observed
0,14 0,809 0,002 462 462 1
0,21 0,431 0,002 462 462 1
0,71 0,791 0,002 462 462 1
0, 86 0,557 0,002 462 462 1
14,21 0,178 9,3 462 462 43
14,71 0,643 0,002 462 462 1
14, 86 0,539 0,009 462 462 4
21,71 0,041 27,7 462 462 128
21, 86 -0,002 47 462 462 217
71, 86 -0,069 66,9 462 462 309

Table S4. ANOSIM global test for differences between time groups of the
viral communities (R = 0.406: P = 0.001).
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Species

Phage cdt] DNA
Parabacteroides
Bacteroides
Edwardsiella
Croceibacter
Escherichia
Cellulophaga
Salmonella
Lactobacillus
Enterococcus
Cercopithecine herpesvirus 2
Vibrio

Stx2
Enterobacteria
Burkholderia
Weissella
Streptococcus
Brevibacillus
Mycobacterium
Clostridium
Ectocarpus siliculosus virus 1
Staphylococcus
Prochlorococcus
Synechococcus
Iodobacteriophage
Riemerella
Paenibacillus
Planktothrix
Ralstonia
Acholeplasma
Emiliania huxleyi virus 86

Paramecium bursaria Chlorella virus

Lactococcus

Rhodococcus
Tetrasphaera
Microviridae

Group

Av.Abund Av.Abund AwDiss

0,00
2,69
1,95
0,01
1,36
0,13
1,73
0,31
1,93
1,35
0,09
0,43
0,09
0,59
0,50
0,74
0,53
0,48
0,79
1,30
0,30
0,57
0,56
0,29
0,00
0,63
0,57
0,36
0,16
0,00
0,09
0,52
0,54
0,46
0,42
0,34

0

Group 14

2,28
0,90
0,11
1,81
0,06
1,80
0,30
1,67
1,23
1,25
1,26
1,51
1,15
1,32
0,74
0,01
1,24
0,95
0,29
1,98
0,96
0,45
0,06
0,30
0,47
0,26
0,19
0,79
0,44
0,46
0,54
0,07
0,76
0,36
0,00
0,36

3,13
2,46
2,42
2,41
2,35
2,33
1,93
1,34
1,71
1,67
1,59
1,52
1,44
1,07
1,01
0,95
0,95
0,93
0,92
0,92
0,39
0,76
0,70
0,66
0,65
0,65
0,64
0,63
0,61
0,61
0,59
0,59
0,56
0,55
0,54
0,54

Diss/SD  Contrib%

1,77
1,66
2,35
3,54
3,04
1,91
1,39
2,70
1,27
1,19
1,53
1,90
1,69
1,54
1,32
1,77
2,18
1,56
2,61
1,21
1,80
1,26
0,98
1,11
1,15
1,93
1,25
1,46
0,61
0,98
1,67
2,21
1,67
1,57
1,65
1,07

5,01
3,95
3,88
3,86
3,77
3373
3,09
2,95
2,74
2,68
2,55
2,44
2,30
1,72
1,63
1,52
1,52
1,49
1,48
1,48
1,42
1,22
1,12
1,06
1,05
1,05
1,03
1,01
0,98
0,98
0,95
0,94
0,90
0,38
0,87
0,86

Cum.%
5,01
8,96
12,84
16,71
20,48
24,21
27,31
30,25
32,90
35,68
38,22
40,66
42,97
44 69
46,31
47,34
4935
50,85
52,33
53,81
55,23
56,45
57,58
58,64
59,68
60,73
61,76
62,77
63,75
64,73
65,68
66,62
67,52
68,39
69,26
70,12

Table S5. Pairwise test for time groups 0 and 14 of the viral community, where SIMPER analysis of average

dissimilarity is 62.37.
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Species
Parabacteroides
Enterococcus
Bacteroides
Croceibacter
Cellulophaga
Lactobacillus
Bacillus
Clostridium
Lactococcus
Streptococcus
Staphylococcus
Brevibacillus
Weissella
Riemerella
Geobacillus
Rhodococcus
Prochlorococcus
Paenibacillus
Mycobacterium
Klebsiella
Salmonella
Enterobacteria
Pseudomonas
Tetrasphaera

Cafeteria roenbergensis virus BV -PW1
Paramecium bursaria Chlorella virus

Planktothrix
Microviridae
Vibrio
Burkholderia
Pandoravirus

Ectocarpus siliculosus wirus 1
Acanthamoeba polyphaga moumouvirus

Listeria

Group 0

Av.Abund Av.Abund Av.Diss

2,69
1,35
1,95
1,86
1,73
1,93
1,87
1,30
0,54
0,53
0,57
0,48
0,74
0,63
0,52
0,46
0,56
0,57
0,79
0,24
0,31
0,59
0,43
0,42
0,47
0,52
0,36
0,34
0,43
0,50
0,47
0,30
0,32
0,24

Group 21

0,12
2,58
0,02
0,18
0,13
2,53
1,48
1,47
1,21
1,06
0,71
0,78
0,05
0,30
0,69
0,31
0,15
0,21
0,65
0,42
0,44
0,34
0,54
0,00
0,28
0,17
0,39
0,09
0,40
0,33
0,28
0,36
0,12
0,34

4,47
3,27
3,20
2,84
2,76
2,64
1,98
1,98
1,66
1,34
1,21
1,17
1,16
1,13
1,12
0,89
0,87
0,86
0,77
0,76
0,76
0,74
0,71
0,68
0,64
0,63
0,61
0,60
0,58
0,57
0,51
0,45
0,43
0,43

Diss/SD  Contrib%

1,90
1,18
2,08
2,11
1,43
1,15
1,36
1,59
1,15
1,45
1,24
1,18
1,52
2,05
0,93
1,00
0,91
1,13
1,29
0,75
1,17
1,28
1,52
1,53
1,82
1,41
1,20
0,65
1,47
1,28
1,19
1,38
1,55
1,80

7,06
5,18
5,06
4,48
4,36
4,18
3,13
3,13
2,62
2,11
1,91
1,34
1,83
1,78
1,78
1,41
1,38
1,36
1,22
1,21
1,19
1,17
1,12
1,08
1,02
0,99
0,97
0,95
0,91
0,90
0,30
0,70
0,68
0,68

Cum.%
7,06
12,24
17,29
21,78
26,14
30,31
33,44
36,57
39,19
41,30
43,21
45,05
46,38
48,66
50,44
51,85
53,22
54,58
55,80
57,00
58,20
59,37
60,49
61,57
62,59
63,58
64,55
65,50
66,41
67,31
68,11
68,82
69,50
70,18

Table S6. Pairwise test for time groups 0 and 21 of the viral community, where SIMPER analysis of average

dissimilarity is 63.27.
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Species
Parabacteroides
Bacteroides
Enterococcus
Croceibacter
Cellulophaga
Lactobacillus
Bacillus
Weissella
Clostridium
Mycobacterium
Prochlorococcus
Enterobacteria
Paenibacillus
Rhodococcus
Geobacillus
Brevibacillus
Staphylococcus
Lactococcus
Tetrasphaera
Caulobacter
Pandoravirus
Microviridae

Cafeteria roenbergensis virus BV -PW1

Streptomyces
Burkholderia

Paramecium bursaria Chlorella virus

Riemerella
Vibrio
Pseudomonas
Streptococcus

Acanthocystis turfacea Chlorella virus 1

Listeria
Arthrobacter

Group 0

Av.Abund Av.Abund AvDiss Diss/SD  Contrib%

2,69
1,95
1,35
1,86
1,73
1,93
1,87
0,74
1,30
0,79
0,56
0,59
0,57
0,46
0,52
0,48
0,57
0,54
0,42
0,30
0,47
0,34
0,47
0,37
0,50
0,52
0,63
0,43
0,43
0,53
0,22
0,24
0,19

Group 71

1,28
0,02
2,65
0,05
1,93
2,57
0,84
0,00
0,88
0,28
0,04
0,44
0,28
0,28
0,33
0,31
0,16
0,43
0,00
0,30
0,07
0,14
0,08
0,02
0,16
0,19
0,49
0,16
0,09
0,23
0,28
0,34
0,22

3,83
3,53
3,40
3,28
2,96
2,88
1,94
1,33
1,24
0,97
0,96
0,96
0,91
0,83
0,82
0,79
0,76
0,76
0,75
0,72
0,70
0,70
0,67
0,63
0,62
0,62
0,62
0,61
0,61
0,59
0,55
0,53
0,53

1,79
2,42
1,38
3,09
1,34
1,33
2,10
1,83
1,76
1,94
0,92
1,44
1,25
0,98
1,66
1,11
0,88
1,41
1,67
1,07
1,90
0,77
2,39
2,41
1,43
1,64
1,36
1,79
1,74
1,73
0,96
1,06
0,30

6,48
5,98
5.75
5,56
5,02
4,88
3,28
2,26
2,11
1,65
1,63
1,63
1,53
1,41
1,40
1,33
1,29
1,28
1,28
1,21
1,19
1,18
1,13
1,06
1,05
1,05
1,04
1,04
1,04
0,99
0,93
0,90
0,90

Cum.%
6,48
12,46
18,21
23,77
28,78
33,67
36,94
39,20
41,31
42,95
44 59
46,22
47,75
4916
50,56
51,89
53,17
54,46
55,73
56,95
58,14
59,32
60,45
61,51
62,56
63,61
64,66
65,70
66,73
67,73
68,65
69,56
70,46

Table S7. Pairwise test for time groups 0 and 71 of the viral community, where SIMPER analysis of average

dissimilarity is 59.07.
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Species
Parabacteroides
Bacteroides
Enterococcus
Croceibacter
Cellulophaga
Lactobacillus
Clostridium
Weissella
Riemerella
Bacillus
Lactococcus
Microviridae
Staphylococcus
Paenibacillus
Prochlorococcus
Rhodococcus
Brevibacillus
Geobacillus
Klebsiella
Ralstonia
Tetrasphaera
Streptococcus
Polaribacter
Enterobacteria
Paramecium bursaria Chlorella virus
Mycobacterium
Cafeteria roenbergensis virus BV-PW1
Pandoravirus
Salmonella
Streptomyces
Arthrobacter
Listeria
Bacteriophage
Burkholderia
Synechococcus
Vibrio
Pseudomonas
Cronobacter

Group 0

Av.Abund Av.Abund Av.Diss

2,69
1,95
1,35
1,86
1,73
1,93
1,30
0,74
0,63
1,87
0,54
0,34
0,57
0,57
0,56
0,46
0,48
0,52
0,24
0,16
0,42
0,53
0,00
0,59
0,52
0,79
0,47
0,47
0,31
0,37
0,19
0,24
0,22
0,50
0,29
0,43
0,43
0,22

Group 86

0,75
0,10
2,16
0,38
2,39
2,31
1,49
0,00
1,28
1,46
0,95
0,41
0,52
0,30
0,34
0,27
0,40
0,34
0,38
0,42
0,00
0,67
0,42
0,30
0,52
0,56
0,22
0,25
0,25
0,06
0,28
0,31
0,31
0,25
0,42
0,29
0,29
0,12

3,43
2,91
2,59
2,53
2,51
2,28
1,17
1,14
1,13
1,05
0,99
0,84
0,82
0,81
0,78
0,74
0,70
0,68
0,67
0,65
0,64
0,63
0,61
0,61
0,60
0,57
0,56
0,54
0,51
0,48
0,47
0,45
0,45
0,45
0,44
0,41
0,39
0,37

Diss/SD  Contrib%

1,44
2,06
1,17
1,89
1,30
1,20
1,43
1,71
1,46
1,35
1,29
0,39
1512
1,17
1,04
0,99
1,05
1,90
0,74
1,04
1,58
1,46
1,13
1,18
1,55
1,38
1,74
1,42
1,26
1,74
0,83
1,24
1,00
1,19
1,02
1,40
1,39
1,67

6,45
5,48
4,88
4,76
4,71
4,29
2,20
2,14
2,13
1,97
1,87
1,57
159
1,51
1,46
1,39
1,31
1,27
1,27
1,23
1,21
1,18
1,15
1,15
1,12
1,07
1,04
1,01
0,96
0,90
0,89
0,35
0,84
0,34
0,34
0,78
0,73
0,69

Cum.%
6,45
11,93
16,81
21,57
26,28
30,56
32,77
34,91
37,04
39,01
40,88
42,45
43,99
45,50
46,97
48,36
49 67
50,94
52,21
53,44
54,65
55,83
56,98
58,12
59,24
60,32
61,36
62,38
63,33
64,23
65,12
65,97
66,81
67,64
68,48
69,26
69,99
70,68

Table S8. Pairwise test for time groups 0 and 86 of the viral community, where SIMPER analysis of average

dissimilarity is 53.20.
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Appendix 3 — Fecal Transfer

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
Age (y) 59 73 72 49 75
Sex Female Female Male Male Female
Prior CDI episodes 3 1 2 2 >2
Anamnesis prior to CDI Life-threatening Gastric carcinoma, Immunosuppressed Immunosuppressed,  Colon cancer with
recurrent gastrectomy, since kidney HIV infection under colon surgery
diverticulitis, sigma diverticulitis transplant in 1990, antiviral therapy,
resection multimorbid multimorbid
Reported antibiotic use before CDI  Ciprofloxacin, Diverse antibiotics Diverse antibiotics Cefuroxime, Diverse antibiotics
metronidazole clindamycin
Additional relevant diagnoses Pseudomembranous  None Loss of kidney HIV infection, Chronic heart failure,
colitis function epilepsy coronary heart
disease
Antibiotic(s) used for CDI therapy Metronidazole, Metronidazole, Vancomycin, Metronidazole, Metronidazole,
Vancomycin Vancomycin Metronidazole, Vancomycin Vancomycin
Rifaximin
Type of CDI (refractory or Recurrent Atypical (currently Recurrent Recurrent Recurrent
recurrent) not detectable)
Additional relevant medications or None FMT (donor: Ciclosporin, None None
treatments husband, perenterol
28.03.2014), (Saccharomyces
recurrent symptoms  boulardii)
Donor Son Husband Sister Sister Non-related donor
Date of IMENT treatment 23 January 2014 20 June 2014 01 July 2014 11 December 2015 22 December 2015
Diarrhea resolution after IMENT Yes Yes Yes Yes Yes
Days to discharge from hospital 1 1 1 1 1
Days to symptom-free status 3 3 3 2 4
Symptom-free until to date Yes Yes Yes Yes Yes

Table S1. Characteristics and treatment outcome of patients.
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Figure S1. Relative abundance (%) of the bacterial community of patient 4 at the (A) genus level and (B)
phylum level.

129



Appendix 4 — Immunoglobin A levels

Mouse ID B4GALNT2 Farm | Family | Group | Population | Gender | Haplotype | Haplogroup

1 JIM0202 Heterozygotes | JIM02 F2 Gl All male h7 HS8
2 JIMO0203A Heterozygotes | JIM02 F2 Gl All male h21 H4
3 JIM0203B Heterozygotes | JIMO02 F2 Gl All male h20 H4
4 JIMO0204 C57BL6 JIMO2 EZ Gl MO8 male h9 HS
5 JIM0205 Heterozygotes | JIM02 F2 Gl All male h21 H4
6 JIM0206 Heterozygotes | JIM02 F2 Gl All female hlé H4
7 JIMO0207 C57BL6 JIMO2 F2 Gl All male h20 H4
8 JIMO0208 C57BL6 JIMO2 F2 Gl All male h20 H4
9 JIM0209 Heterozygotes | JIM02 F2 Gl All female h20 H4
10 JIMO0210 Heterozygotes | JIM02 F2 Gl All male h20 H4
11 JIMO0901 C57BL6 JIMO9 F7 G2 A0S male h7 HS
12 JIM0902 C57BL6 JIMO9S F7 G2 A0S female h27 H2
13 JIM0903 C57BL6 JIMO9 F7 G2 A08 male hi12 HI11
14 JIMO0904 CS57BL6 JIMO9 F7 G2 A0S female h27 H2
15 JIM0906 C57BL6 JIMO9S E7 G2 A0S female h27 H2
16 JIMO0908 C57BL6 JIMO9 F7 G2 A0S male h27 H2
17 JIMO0909 C57BL6 JIMO9 F7 G2 A0S female h26 H2
18 JIMO0910 C57BL6 JIMO9 F7 G2 A0S female h26 H2
19 JIMO0911 C57BL6 JIMO09 F7 G2 A0S male h13 HI11
20 JIMO0912 C57BL6 JIMO9 F7 G2 A0S female h26 H2
21 MJJ0101 C57BL6 MJJo1 F11 G3 A04 male hi2 H11
22 MIJ0102 Heterozygotes | MIJ01 F11 G5 A04 male h12 H11
23 MIJJ0103 C57BL6 MIJo1 F11 G5 A04 male hi2 H11
24 MJJ0104 C57BL6 MJJo1 F11 GS A04 male hi2 H11
25 MII0106 C57BL6 MIJo1 Fl11 G5 A04 male hi2 HI11
26 MIJ0107 Heterozygotes | MJJO1 F11 G5 A04 male hi2 HI11
27 MJJ0108 Heterozygotes | MJJO1 F11 G3 A04 male hi2 H11
28 MJJ0109 Heterozygotes | MJJO1 F11 G5 A04 male h12 H11
29 MIJ0111 C57BL6 MIJIo1 Fl1 G5 A04 male hi12 H11
30 MIJ0112 Heterozygotes | MII01 F11 G5 A04 female hi2 H11
31 MIJ0113 Heterozygotes | MJI0O1 F11 G5 A04 male hi2 HI11
32 MIJI0114 C57BL6 MIJo1 Fl11 G5 A04 male hi12 H11
33 MJJO115 Heterozygotes | MJJO1 F11 G5 A04 male h12 H11
34 MIJ0116 Heterozygotes | MJJO1 F11 G5 A04 male hi2 HI11
35 MJI0117 CS57BL6 MIJ01 F11 G5 A04 male h12 HI11
36 MIJ0601 Heterozygotes | MJJ06 F13 G6 Al3 male h1é H4
37 MII0602 RIIST MIIo6 F13 Go6 Al3 male hilé6 H4
38 MIJ0603 Heterozygotes | MIJ06 F13 G6 Al3 male h1é H4
39 MIJ0604 RIIIST MJJo6 F13 G6 Al3 male h1é H4
40 MIJ0605 RIIST MIIo6 F13 G6 Al3 male hilé6 H4
41 MIJ0606 Heterozygotes | MIJ06 F13 G6 Al3 female hié H4
42 MJJ0607 Heterozygotes | MIJ06 F13 G6 Al3 male hié H4
43 MIJI0608 RINIST MIJo6 F13 Go6 Al3 male hilé6 H4
44 MII0609 RIIST MIIo6 F13 G6 Al3 male hile6 H4
45 MIT0610 Heterozygotes | MIJ06 F13 G6 Al3 male hle H4
46| MIJo611 RIIST MIJo6 F13 G6 Al3 male hleé H4

Table S1. Characteristics of wild mice collected from the area of Espelette, France.
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ID lleum Cecum ColonProx ColonDist

JIM0202 0 2 0 0
JIMO0203A 0 0.333333333 0.333333333 0.333333333
JIMO0203B 0 0.666666667 0 0
JIM0204 1.333333333 1.333333333 1.666666667 0
JIM0205 1.666666667 0 1.333333333 0
JIM0206 0 0 0.333333333 NA
JIMaoz207 0 0.333333333 0 0
JIM0208 0.666666667 0 0.333333333 0.333333333
JIMQ0209 0 1.666666667 2 0
JIM0210 0 0.333333333 0 0
JIM0901 0.333333333 1.333333333 0.666666667 1
JIM0902 0 0.333333333 1 0
JIM0903 2 3 1 0.666666667
JIM0904 1 0.333333333 0.666666667 0.333333333
JIMO0905 0 0.666666667 1.333333333 0
JIMO906 0 0.333333333 1.666666667 0
JIMQ0908 2 0.666666667 2 0
JIMO909 NA 0 0.333333333 0
JIM0910 0 1.333333333 0.333333333 1
JIM0911 0 1 0.333333333 0
JIM0912 3 0.666666667 0.333333333 1.666666667
MJJ0101 3.333333333 1.333333 333 2 1
MJJ0102 1.333333333 1 0.333333333 1
MJJ0103 1.666666667 0 0 1.333333333
MJJ0104 0 0 0.666666667 0.333333333
MJJ0105 NA 0 0.666666667 1
MJJ0106 0 1.333333333 1 0
MJJ0107 1 0.333333333 0.333333333 0.333333333
MJJ0108 0 0.666666667 0 0
MJJ0109 1.333333333 0.333333333 0.333333333 0
MJJO111 0 0.333333333 0.333333333 1.333333333
MJJ0112 0 1.333333333 3 0.333333333
MJJ0113 0 1.333333333 1.666666667 0
MJJ0114 0 0.333333333 0.666666667 1
MJJ0115 1.333333333 0.333333333 0.333333333 0.333333333
MIJ0116 0.333333333 0.333333333 0 0.666666667
MJJ0117 0 1.333333333 1.666666667 1.666666667
MJJ0601 1 3.333333333 42.856 2
MJJ0602 0.333333333 1 0.333333333 2
MJJ0603 0 0 0.666666667 0
MJJ0604 NA 0 0.333333333 0.333333333
MJJ0605 0.333333333 0 0 0.333333333
MJJ0606 0.333333333 0 0 0
MJJ0607 0.666666667 0.333333333 0 0
MJJ0608 1.333333333 0 0.666666667 0
MJJ0609 0 0.666666667 0 0
MJJ0610 1 1 0 0
MJJO611 0.333333333 0.333333333 0 0

Table S2. Intestinal scores of wild mice. NA indicates sample not available.
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outlyers ID description  |IgA level (ng/ml)
genotype MJJO0603 heterozygote 368,8904
MJJ0104 C57 227,7116
JJM0906 C57 123,8358
MJJ0607 heterozygote 54,5
farm MJJ0603 heterozygote 368,8904
MJJ0104 C57 227,7116
JJM0906 C57 123,8358
gender MJJ0603 male 277,4052
MJJ0104 male 250,3236
JJM0906 female 107,1934
MJJ0607 male 43,49
JJIM0904 female 30,87475
haplogroup | MJJ0603 H4 368,8904
MJJ0104 H11 227,7116
JIM0906 H2 123,8358
MJJ0607 H4 54,5
population MJJ0603 Al13 368,8904
MJJ0104 AO4 227,7116
JJM0906 A05 123,8358
MJJ0607 A13 54,5
JJM0909 A05 18,07727
haplotype MJJ0603 h16 368,8904
MJJ0104 h12 227,7116
JJM0906 h27 123,8358
MJJo611 h16 23,9

Table S3. Characteristics of wild mice with high fecal IgA levels. Colors indicate same individual mouse.
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ID lleum Cecum ColonProx ColonDist
MJJ0603 0 0 0.666666667 0
MJJ0104 0 0 0.666666667 0.333333333
JIM0906 0 0.333333333 1.666666667 0
MJJ0607 0.666666667 0.333333333 0 0
JIM0904 1 0.333333333 0.666666667 0.333333333
JIM0909 NA 0 0.333333333 0
MJJ0611 0.333333333 0.333333333 0 0

Table S4. Summary of intestinal scores from wild mice with high fecal IgA levels as determined by ELISA. NA

indicates sample not available.
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