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ABSTRACT

DENSE, LONGITUDINAL SAMPLING REVEALS KEY GUT MICROBIAL
COMMUNITIES ASSOCIATED WITH ALZHEIMER'S DISEASE PATHOLOGIES

EMILY BORSOM

The gut microbiota, the aggregate of microbial cells that inhabit the gastrointestinal
tract, communicates bidirectionally with the brain via immune, neural, metabolic, and
endocrine pathways, known as the gut-brain axis. The gut-brain axis is suspected to
contribute to the development of Alzheimer’s disease (AD). We hypothesize that
specific gut microbiota compositions contribute to the development of AD pathologies
and neuroinflammation via the gut-brain axis. To characterize the gut microbiota of
3xTg-AD mice modeling plaque deposition and hyperphosphorylated tau, fecal samples
were collected fortnightly from 4 to 52 weeks of age, the V4 region of the 16S rRNA
gene was amplified and sequenced on the lllumina MiSeq. Data were analyzed using
QIIME 2. We have identified changes in the gut microbiota and immune response that
may be predictive of the development of AD pathologies. To explore the effect of
modulation of the gut microbiota in mice modeling AD pathologies, we performed fecal
microbiota transplants (FMT) from aged (52-64 weeks) 3xTg-AD mice, which are
modeling plaques and neurofibrillary tangles, to young 3xTg-AD (n=5) or wild-type mice
(n=10) with the sequencing methods described above. We observed a shift in
microbiota composition of FMT-treated mice when compared to control (PBS-treated)
mice with no effect on neuroinflammation. To investigate the gut microbiota composition
with high resolution taxonomic assignments and include fungi, viruses, and other

eukaryotic microbes, shallow shotgun metagenomic sequencing (SSMS) was run on



select samples from the initial longitudinal and subsequent FMT study. Bacteroides,
Lactobacillus, and Turicibacter, identified in the studies using 16S rRNA gene
sequencing, were classified at species and strain level using SSMS. Finally, a meta-
analysis of the gut microbiota composition in WT mice bred at NAU compared to WT
mice bred at Jackson Laboratories using our available 16S rRNA gene sequencing data
was performed. Beta diversity metrics reveal mice bred at Jackson Laboratories had an
adjustment period of about 6 months, before more closely resembling mice bred at
NAU. Taken together, our work shows that 3xTg-AD mice harbor a unique gut
microbiota composition, associated with disease pathologies, early in life, that becomes
more similar to WT mice by 52 weeks of age. The microbial communities associated
with later stages of modeling AD pathologies are more transferrable to other 3xTg-AD
mice than WT mice, but do not alter neuroinflammation. Finally, SSMS revealed the
species and strain level classification of the microbial communities of interest from the
16S rRNA gene sequencing data. Future studies investigating the role of Bacteroides
fragilis, Turicibacter H121, Lactobacillus murinis, and Lactobacillus animalis in the gut
microbiome of 3xTg-AD mice are warranted to uncover potential therapeutic targets in

the gut microbiota-brain axis for AD.
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Chapter 1: Literature Review

ABSTRACT

The human microbiota is composed of trillions of microbial cells inhabiting the oral
cavity, skin, gastrointestinal tract, airways, and reproductive organs. The gut microbiota
is composed of dynamic communities of microorganisms that communicate
bidirectionally with the brain via cytokines, neurotransmitters, hormones, and secondary
metabolites, known as the gut microbiota-brain axis. The gut microbiota-brain axis is
suspected to be involved in the development of neurological diseases, including
Alzheimer’s disease (AD), Parkinson’s disease, and Autism Spectrum Disorder. AD is
an irreversible, neurodegenerative disease of the central nervous system (CNS),
characterized by amyloid-p plaques, neurofibrillary tangles, and neuroinflammation.
Microglia and astrocytes, the resident immune cells of the CNS, play an integral role in
AD development, as neuroinflammation is a driving factor of disease severity. The gut
microbiota-brain axis is a novel target for Alzheimer’s disease therapeutics to modulate
critical neuroimmune and metabolic pathways. Potential therapeutics include probiotics,
prebiotics, fecal microbiota transplantation, and dietary intervention. This review
summarizes our current understanding of the role of the gut microbiota-brain axis and
neuroinflammation in the onset and development of Alzheimer’s disease, limitations of

current research, and potential for gut microbiota-brain axis targeted therapies.



REVIEW
Introduction

The human microbiota, the aggregate of all bacterial, viral, fungal, and archaeal cells
that inhabit the human body, consists of 1-1.5x more microbial cells than human cells
(~10'%) [1]. The microbiome, or the collective genomes of the resident microbes, resides
throughout the entire human body, including the skin, oral cavity, respiratory tracts,
vaginal cavity, and the Gl tract [2]. Recent studies of the human microbiome
demonstrate a myriad of roles that these microbes play in host health, including host
immune function [3,4], protection against pathogen colonization [5], and host
metabolism [6]. Perturbations to normal gut microbiome functions are associated with a
variety of diseases, including gastrointestinal, autoimmune, neurological, and metabolic
diseases [7]. The Gl tract houses about 70% of the human microbiota and comprises
Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verrucomicrobia [8].
These microbes aid in digestion [6], vitamin synthesis [9], and development of the
nervous, endocrine, and immune system [3,4]. Members of the genera Bacteroides,
Prevotella, and Lactobacillus produce B vitamins which play important roles in the host
immune regulation [10]. The development of the immune system is influenced by the
gut microbiome, for instance, a study by Atarashi et al. demonstrated that oral
inoculation of Clostridium strains in germ-free mice induced colonic CD4+ T regulatory
cells and reduced colitis [11]. Gut microbes are able to ferment indigestible
carbohydrates, producing short chain fatty acids (SCFA) as a byproduct, and thereby
promote maturation of the immune system, including colonic regulatory T cells [12] and

bone marrow hematopoiesis of new circulating monocytes and dendritic cells [13,14]. In
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the gastrointestinal tract, dysbiosis of the microbial communities can lead to overgrowth
of pathogenic bacteria and a decrease in the integrity of the intestinal barrier, allowing
proinflammatory molecules to circulate throughout the bloodstream [15]. For example,
Ruminococcus gnavus, a common gut pathogen in Crohn's disease patients, utilizes
mucin as a carbon source, directly breaking down the gut mucosal barrier and

producing proinflammatory cytokines, including TNF-a [16].

The endocrine, neural, metabolic, and immune mechanisms that comprise the gut
microbiota-brain axis contribute significantly to overall host health [17]. For instance,
decreased alpha diversity in humans is correlated with decreased systemic estrogens.
Depleted systemic estrogens are linked to cognitive decline, memory loss, and reduced
fine motor skills [18,19]. Another key player in the gut microbiota-brain axis is the vagus
nerve, which allows for direct communication via neurotransmitters between the CNS
and the enteric nervous system (ENS) [20]. As an example, the gut bacteria
Lactobacillus rhamnosus can regulate GABA receptors in mice, therefore reducing
depressive behaviors via the vagus nerve [21]. Severing the vagus nerve reversed this
outcome, negating the beneficial effects of L. rhamnosus in mitigating depressive
behavior. Additionally, secondary metabolites and cytokines produced by the host-

microbial interactions in the gut can cross the intestinal barrier and travel through the

blood to induce systemic inflammation [2]. One study found increased levels of the

plasma cytokines IL-2, IL-18, and IFN-y in LdIr-/- mice, an atherosclerosis mouse

model, that were colonized with the proinflammatory gut microbiota from Casp1-/-
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mice, a knockout inflammatory mouse model, via fecal microbiota transplants. These

findings suggest that the dysbiotic gut microbiota of the Casp1-/- mice shifted the gut

microbiota of FMT treated LdIr-/- mice. This shift led to a decrease in short chain fatty
acids (SCFA) and an increase in the NF-kB activity in immune cells, thereby increasing

the production of proinflammatory cytokines [2,22].

The role of the gut microbiota-brain axis has been implicated in many neurological
disorders and diseases, including multiple sclerosis, gliomas, Parkinson’s disease, and
Alzheimer’s disease (AD) [23]. In non-AD dementia, there was a lower relative
abundance of Bacteroides compared to the gut microbiome of cognitively non-impaired
subjects, which is the opposite pattern of what is observed in the AD gut microbiome
[24]. Another study analyzed and compared the fecal microbiome and metabolites of
patients with and without dementia, and the gut microbiota-associated metabolite of
dementia patients was distinct from non-dementia patients [25]. For example, high
phenol and p-cresol were observed in patients with dementia, which induces an
increase in fecal ammonia and increases the risk of dementia. Conversely, in people
without dementia, high fecal lactic acid was observed which was associated with a low
risk of dementia [25]. Vascular cognitive impairment (VCI), a common cause of
dementia, may be mediated with metabolites produced by gut microbiota. For example,
LPS and trimethylamine-N-oxide (TMAO) from gut microbiota can contribute to the
increased intestinal epithelial permeability that leads to immune responses associated

with VCI [26].
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Several studies have demonstrated that celiac disease (CD) is associated with
neurological disease development [27,28]. CD is an autoimmune disease caused by
inability to digest gluten in the small intestine. Due to intestinal epithelial dysfunction
caused by CD, immunotoxic gluten peptide is introduced into the circulatory system and
passes through the BBB, causing neuroinflammation. CD also decreases the
expression of PPAR-y, which plays a role in modulating inflammation. Decreased
PPAR-y is associated with dysbiosis of the gut microbiome and an increase in factors
related to AD development such as elevated LPS, pro-inflammatory cytokines, and
bacterial metabolites. One study demonstrated that CD-induced changes in the gut
microbiome and neurological disease development can be improved through a gluten-
free diet (GFD). Not only did GFD reduce the amount of neuroinflammation, but it also
correlated with an increase in the expression of PPAR-y and gut microbiome health
[27]. In addition, Transcranial magnetic stimulation (TMS), a non-invasive brain
stimulation technique, enables early diagnosis of “hyperexcitable celiac brain” that often
appears before dementia in CD patients even before any onset of clear symptoms. So
that these patients can be prescribed a GFD to prevent neurodegeneration that can

lead to dementia as early as possible [29,30].

In this review, we present an up-to-date, comprehensive evaluation of the field of gut
microbiome research in Alzheimer’s Disease, with a unique perspective on the potential
role of the gut microbiome in neuroinflammation. We also summarize a potential

mechanistic pathway describing a hypothesized role for LPS in AD pathologies. As
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Hippocrates once said, “All disease begins in the gut” [31]. Could this statement hold
the truth, even after 2500 years? In this review, we will discuss the current
understanding of the role of the gut microbiota-brain axis in AD and provide

commentary on potential mechanisms for AD pathogenesis.

Methodology

Search terms to identify appropriate literature for this review using Google Scholar

include, but are not limited to, “Alzheimer’s disease,” “gut microbiota,” “gut microbiota-

” o« ” o«

brain axis,” in combination with “microglia,” “astrocytes,” “LPS,” “neuroinflammation.”
This review provides a current, comprehensive overview of the gut microbiota brain axis
in AD, with emphasis on modern molecular techniques, gut microbiota-induced
neuroimmune pathways, and uncovering potential therapeutics. Primary studies that led
to novel insights on the gut microbiome and AD in preclinical murine models and human

AD participants were included in this literature review.

Characterization of Alzheimer’s Disease

AD was first identified by psychiatrist and neuropathologist, Alois Alzheimer, in 1906.
After observing plaques and neurofibrillary tangles in the brain histology of a patient
who suffered from memory loss, aggression, confusion, and paranoia, he presented his
findings at the 37th Meeting of South-West German Psychiatrists. Shortly after, the
disease characterized by Alzheimer was coined with the name “Alzheimer’s disease” by

his colleague, Emil Kraepelin [32]. Today, Alzheimer's disease (AD) is the most
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common cause of dementia, affecting 5.8 million people in the United States alone. The
prevalence of Alzheimer’s disease is predicted to rise to 13.8 million in the United
States by 2050 [33]. Apolipoprotein E (APOE) genotype is recognized as the strongest
genetic risk factor for the development of AD. The APOE protein is involved in several
biochemical regulatory processes, including immunoregulation, neuroinflammation, and
neuroprotection. APOE exists in 3 isoforms, although APOEA4 prevails as the strongest
predictor of dementia. The prevailing hypothesis is the cascade hypothesis, which
states that amyloid-p plaque deposition leads to intracellular neurofibrillary tangles
caused by hyperphosphorylation of the protein tau and disintegration of the
microtubules in neurons, resulting in loss of neuronal function [34]. These two hallmark
pathologies, extracellular amyloid- plaques and intracellular neurofibrillary tau tangles,
are present in the hippocampus and prefrontal cortex, and result in loss of neuronal
function and cognitive impairment [35]. Amyloid plaques form when the amyloid
precursor protein (APP) is sequentially cleaved by endogenous proteases, [3- protease
and y -protease.This cleavage event renders peptides ranging in length and solubility,
yetAB-42 tends to form soluble fibrils, and is the predominant species observed in the
brain of severe AD patients [37,38]. Amyloidosis may begin as early as 10-20 years
before cognitive decline or AD symptoms become apparent [39]. In addition to plaques
and tangles, neuroinflammation is increasingly recognized as central to disease
progression; current studies have identified both microglia and astrocyte induced
inflammation as a key pathological feature of AD [40]. While not yet considered a core
pathology for diagnosis, neuroinflammation remains a driving feature in AD

pathogenesis [41].
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Techniques for Microbiome Analysis

Advances in the fields of sequencing and bioinformatics allow for increasingly accurate
analysis of microbial communities and their role in human health. The field of
microbiome sequencing has been dominated by marker gene sequencing. For bacteria,
16S rRNA gene is a widely used marker gene, and fungi can be identified using marker
sequences on the 18S rRNA gene or the ITS (internal transcribed spacer)
region.Selection of the 16S rRNA gene was based on the presence of nine highly
variable regions within the gene, allowing for bacterial taxonomic classification, that are
flanked by conserved regions that allow for primer design [42]. The ITS regions are
situated between the 18S rRNA gene and the 5.8S rRNA gene (ITS1) and the 5.8S
rRNA gene and the 28S rRNA gene (ITS2). ITS1 and ITS2 have high evolutionary rates,
allowing for greater taxonomic resolution than is possible with 18S rRNA gene

sequencing [(Ihrmark et al. 2012)]. However, for those who are interested in species-

and strain-level taxonomic resolution, shallow shotgun metagenomic sequencing
(SSMS) is becoming increasingly popular. [44]. While SSMA does not provide the depth
of taxonomic and functional resolution that deep shotgun metagenomic sequencing
does, it is relatively low cost compared to deep shotgun metagenomics, and therefore

more feasible to apply in large-scale studies [44].

Functional and mechanistic aspects of the microbiome's integral role in health or
disease can be assessed by integrating a multi'omics approach including deep shotgun

metagenomics, transcriptomics, and metabolomics. As discussed above, deep shotgun
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metagenomic sequencing will provide strain-level and functional information encoded in
the DNA content of a microbiome. In shotgun metagenomics, all of the DNA present in a
sample is sequenced with minimal PCR amplification bias. This allows characterization
of the species and encoded genes in a wide array of microorganisms, including fungi,
bacteria, archaea, parasites, and DNA viruses. Although metagenomic sequencing can
characterize the functional potential of a microbial community, this DNA-based
approach is unable to determine differences in gene expression in a given environment.
Transcriptomics, or RNA-seq, can be used to evaluate changes in gene expression.
Finally, we can identify and quantify primary and secondary metabolites (e.g. short
chain fatty acids) produced by the host and microbiota using metabolomics.
Metabolomics can lead to a better understanding of microbial communication and
microbial community involvement in metabolic pathways [50]. Understanding community
composition is essential for microbiome studies, however, an integrated, multi-omics
approach is critical to elucidate the microbial taxa and associated mechanisms essential

to host health and disease.

Gut microbiota-brain axis in Alzheimer’s Disease

Although amyloid plagues and tau tangles are thought to be central to AD, over 2000
clinical trials targeting plaques, tangles, neurotransmitters, and other related
mechanisms have failed to successfully treat AD [51]. However, the bidirectional
communication between the gastrointestinal tract and the central nervous system (CNS)
via immune, endocrine, neural, and metabolic pathways, known collectively as the gut

microbiota-brain axis, has recently been hypothesized to contribute to AD etiology and
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pathogenesis [23,52]. The human gut microbiome influences neuroinflammation in AD
through the production of proinflammatory cytokines and bacterial metabolites that can
enter circulation and reach the brain to act on neuronal immune cell populations [53].
Proinflammatory cytokines involved in AD pathogenesis include IL-18, IL-6, IL-18, TNF-
a, and IFN-y [54]. Overexpression of IL-1 has been shown to favor plaque deposition in
vivo and in vitro [55], while upregulation of IL-6 is associated with hyperphosphorylation
of tau, leading to neuronal degradation [55,56]. Both AB plaques and neurofibrillary
tangles are co-localized with activated glial cells in the CNS, suggesting gliosis plays a
major role in AD pathogenesis and neuroinflammation [57]. In addition to cytokines,
bacterial metabolites, including trimethylamine N-oxide (TMAO) and SCFAs may play a
role in the development of or protection against AD pathologies. TMAO, a gut
microbiome-produced metabolite previously linked to cardiovascular disease [58], is
increased in the cerebrospinal fluid of AD patients and is directly correlated to CSF tau
biomarkers, suggesting a role in brain aging and cognitive decline [59]. On the other
hand, SCFAs, particularly valeric, butyric, and propionic acid, have the potential to
ameliorate amyloidosis by interfering with AB1-40 and AB1-42 peptide interactions,
thereby preventing conversion to neurotoxic AB plaque formation [60]. We expand on

each of these topics, below.

Enteric Nervous System: Vagus Nerve

The enteric nervous system (ENS) is the largest part of the autonomic nervous system,
composed of over 100 trillion neurons that function independently from the CNS [61].

The neural circuits that make up the ENS control local motor function and blood flow,

10
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fluid secretions and transports, and regulate immune and endocrine functions [62]. As a
major component of the gut microbiota-brain axis, the vagus nerve directly connects the
gut to the brain and spinal cord [17]. The vagus nerve mediates signaling pathways for
satiety, stress, and mood via microbial and neural signaling [63]. Therefore,
perturbations to the nerve disturb the gut-microbiota brain axis, leading to
gastrointestinal diseases, including irritable bowel syndrome [64]. However, the vagus
nerve is also able to receive input from the gut microbiota and transfer this information
to the central nervous system [65]. To illustrate, enteroendocrine cells (EECs), making
up 1% of gut epithelial cells, release 5-HT (serotonin precursor) in response to chemical
or mechanical stimulation, which stimulates 5-HT3 receptors on the vagus nerve.
Stimulation of these receptors controls physiological responses including peristalsis, gut

motility, and other visceral functions [66].

In terms of treatment options, the vagus nerve remains a viable target for AD treatment.
Clinical trials targeting the vagus nerve through stimulation have shown some cognitive
improvement in AD patients up to one year post-treatment [67,68]. Vagus nerve
stimulation (VNS) has also shown sustained, long term cognitive improvement in
refractory depression patients [69]. A more recent study in transgenic APP/PS1 mice
reversed morphological signs of aging and activation in 12 month mice using non-
invasive vagus nerve stimulation [70]. However, the use of VNS as a therapeutic for AD

is still a novel idea and requires further investigation of the mechanisms involved.

11


https://paperpile.com/c/NpBAA6/Sesz
https://paperpile.com/c/NpBAA6/kJ8N
https://paperpile.com/c/NpBAA6/hClC
https://paperpile.com/c/NpBAA6/9TWd
https://paperpile.com/c/NpBAA6/0Q8Q
https://paperpile.com/c/NpBAA6/iRfQ
https://paperpile.com/c/NpBAA6/Xwvq+dkPk
https://paperpile.com/c/NpBAA6/1nsn
https://paperpile.com/c/NpBAA6/IlrV

Gut microbiota composition and diversity in individuals with AD

The hypothesis that members of the gut microbiota contribute to AD onset and
progression via the gut microbiota-brain axis has emerged in the past 5 years. However,
few studies have been completed in the clinical setting. To our knowledge, five studies
have characterized the gut microbiota composition in human AD patients compared to
age-matched, non-AD controls, all showing an altered bacterial microbiota composition
in AD patients. A cross sectional study of the gut microbiota composition in patients
selected for their APOE genotype demonstrated that APOE4 carriers had decreased
abundance of butyrate producing gut bacteria, including Clostridium, and lower levels of
fecal SCFAs compared to other APOE genotypes, indicating a relationship between
APOE isoforms and gut microbiota compositions [71]. The second study conducted in
AD patients demonstrated a decrease in the phyla Firmicutes and an increase in
Bacteroidetes, as well as an increase in the genus Blautia in AD patients. They also
observed decreased alpha (within sample) diversity in AD patients. Additionally, they
observed correlations between CSF markers of AD and relative abundance of taxa; a
significant positive correlation was demonstrated between the genus Bacteroides and
CSF YK-40, a marker of astroglia and microglia activation. These findings suggest an
increase in Bacteroides may be linked to increased neuroinflammation [72]. We discuss
the potential mechanisms below. The other three studies demonstrate a gut microbiota
composition with decreased abundance of SCFA-producing bacteria and increased

abundance of proinflammatory bacteria when comparing AD patients to non-dementia,
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aged matched controls [73][74][75][73] Taxa identified in the individual studies can be

found in Table 1.

Alterations in the bacterial gut microbiota have been observed in AD patients, indicating
a potential role for gut microbes in AD. Three of the five studies in human patients
showed significant changes in the genus Bacteroides, although the directionality of this
change, whether Bacteroides relative abundance increased or decreased, differed
(Table 1). Future research to determine whether environmental factors independent of
AD pathologies cause the observed shifts in the gut microbiome are necessary. For
example, dietary changes as a person progresses through dementia, the influence of
medications on the composition of the gut microbiota in AD, decreased body mass, and
overall well-being should be considered as potential mediators of the gut microbiota
composition and diversity. Finally, changes in the microbiota may extend beyond the
gut. The post mortem brain of AD patients has a higher bacterial burden when
compared to age matched controls, consisting mostly of Actinobacteria, particularly
Propionibacterium acnes [76]. Additionally, mice infected orally with Porphyromonas
gingivalis exhibited brain colonization associated with increased amyloidosis [77]. These
findings provide intriguing evidence for translocation of microbes from the gut,
suggesting that microbes have the ability to cross both a dysfunctional gut epithelial
barrier and blood brain barrier. Further studies are required to determine whether

microbial translocation from other body sites to the brain occurs in AD.
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Gut microbiota composition and diversity in murine models of key AD

pathologies

Transgenic mouse models of key AD pathologies are an essential tool in mechanistic
studies and drug discovery with the potential for translational treatments in clinical trials
[32]. Numerous studies have shown that transgenic murine models have unique gut
microbiota compositions when compared to the gut microbiota compositions of wild-type
mice of the same genetic background, or compared to transgenic mice with the wild-
type allele [35,78,79]. Parikh and colleagues assessed changes in the gut microbiota
composition of 5XFAD mice, a transgenic familial model of plaque deposition, that were
homozygous for APOE2 , APOES3 , or APOEA4. Significant changes observed in the gut
microbiota between genotypes regardless of 5XFAD mutations suggests a relationship
between the gut microbiota composition and APOE isoforms [80].In a study by Chen
and colleagues, transgenic APP/PS1 mice, a model bearing the mutations in
transgenes for APP and PSENL1 resulting in AR plaque deposition, demonstrated altered
microbiota preceding amyloidosis and microgliosis, suggesting a role of the gut
microbiota in AD pathogenesis (Table 1, [78]). In 5XFAD mice, which express human
APP and PSEN1 transgenes with five AD-linked mutations, leading to rapid
development of amyloidosis, an increase in the phylum Firmicutes and a decrease in
the phylum Bacteroidetes was observed at 9 weeks. More specifically, Clostridium
leptum was increased in 5XxFAD mice, a common gut bacteria associated with gut
inflammation [79]. When raised germ-free, APP/PS1 mice exhibited significantly

reduced amyloidosis and microgliosis, suggesting that in absence of the gut microbiota,
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AD pathologies are less severe and supports the hypothesis that the gut microbiota

plays a critical role in AD pathologies [81].

To better understand the mechanisms behind these alterations in the gut microbiota
composition of transgenic models of AD pathologies, including amyloid deposition and
neurofibrillary tangles, manipulation of the gut microbiota allows for uncovering potential
processes involved in AD development. Manipulation of the gut microbiota through
prebiotics, probiotics, and fecal microbiota transplants are potential therapeutic options
for AD and have been explored in preclinical murine models of AD pathologies (Table
2). Bonfili and colleagues administered SLAB51, a mixture of nine live bacterial strains,
to 3xTg-AD mice, a transgenic model exhibiting AB plaques and tau tangles. SLAB51
treated mice reduced proinflammatory cytokine production (IL18, IFNy, and TNFa) and
cerebral AB, while simultaneously increasing SCFA production and cognitive function.
However, there were no significant changes in microbial taxa, but rather an overall shift
of the gut microbiota following SLAB51 treatment [82]. Another study employed the
prebiotic, fructooligosaccharides (FOS), to modulate the gut microbiota in APP/PS1
mice. FOS treated mice exhibited decreased A deposition, increased cognitive function
and synaptic plasticity, and reversed altered gut microbiota in APP/PS1 mice to more
closely resemble wildtype mice [83]. A study on the impact of high-fat diet in 3xTg-AD
mice showed increased Rikenellaceae and Lachnospiraceae and decreased
Bifidobacteriaceae and Lactobacillaceae in the colon when compared to normal fed
3xTg-AD mice [84]. Wang and colleagues treated 5xFAD mice with sodium

oligomannate (GV-971), an algae-based drug, which remodeled the gut microbiota, and
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reduced M1 microglia activation and neuroinflammation. These findings suggest gut
microbiota derived metabolites including the amino acids phenylalanine and isoleucine
invoke neuroinflammation. In the same study, 5xFAD mice were co-housed with
wildtype mice from birth to 7 months. The results showed the gut microbiota of the
5xFAD and wildtype had shifted to resemble each other, and co-housed wild type mice
had increased infiltrating Th1 cells in the brain, indicating the role of the gut microbiota
composition in changes immune cell expression and neuroinflammation [35]. FMT
treatment of APP/PS1 with wildtype mouse feces alleviated cognitive decline, Ap
accumulation, and Tau hyperphosphorylation through reversing alterations in the gut
microbiota of APP/PS1 mice. To illustrate, before the treatment, APP/PS1 mice were
enriched with Proteobacteria and Verrucomicrobia, however, post-treatment, the
abundance of Proteobacteria and Verrucomicrobia had decreased, while Bacteroidetes

increased [85].

Potential role of the gut microbiome in neuroinflammation in AD

Neuroinflammation has recently been recognized as a key feature of AD.
Neuroinflammation is the body’s combined biochemical and cellular responses of all
resident glial cells to injury or infection of the nervous system and neurodegenerative
diseases [86]. To prevent damage to the CNS, resident immune cells recognize any
disturbances to homeostasis of the brain and respond with production of cytokines and
chemokines to mediate tissue damage [87]. In healthy adults, aging leads to changes in
the immune system, resulting in what is often termed “inflammaging”, or chronic, low-

grade inflammation due to aging [88]. Microglia increase responsiveness to
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inflammatory stimuli with aging, while astrocytes act to preserve neuroinflammation [89].
The main driver of age-related neuroinflammation in Alzheimer’s patients is reactive
gliosis, or the activation of the glial cells of the CNS to prevent and repair tissue damage
[90]. Age-related changes in microglial activation result in changes in gene expression,
rendering dysmorphic microglia with morphological alterations, including abnormalities
in cytoplasm and fragmented processes [91]. These changes may be related to the gut
microbiome. A study in germ-free mice demonstrated increased abundance of
Desulfovibrio, a gut bacteria associated with intestinal inflammation, after transfer of an
aged mouse gut microbiota [92]. These findings suggest unique gut microbiota

compositions in aging mice may be associated with chronic, low grade inflammation.

While neuroinflammation is initially a reparative mechanism to prevent damage, the
neuroinflammatory response in AD patients shifts from neuroprotective to neurotoxic,
damaging tissue in the CNS [57]. Neuroinflammation remains constant, with
consistently high levels of cytokines and chemokines, and increased neuronal cell death
[93]. This chronic inflammation is associated with shorter and fewer microglial
processes, reducing mobility, thereby inhibiting their ability to survey and monitor their
environment [70,94]. The cytokines produced by microgliosis and astrogliosis worsen

tauopathy and drive sustained neuroinflammation [95].

Neuroinflammation: microglial activation and the gut microbiome

Many diseases of the CNS that are linked to the gut microbiome, such as AD,

Parkinson’s Disease, Multiple Sclerosis, and Autism Spectrum Disorder, simultaneously
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involve dysfunctional microglia [96]. Microglia are the main immune cell in the brain,
colonizing the brain early in development, and maintaining homeostasis during aging
[97]. As the specialized macrophages of the CNS, microglia function as phagocytes to
clear bacteria, cellular debris, and AB peptides [98,99]. Microglia work to monitor their
microenvironment through constant extension and retraction of their highly motile
processes [100]. The acute neuroinflammatory response induced by AB peptides is a
self limiting, neuroprotective immune response [78]. However, aging microglia are
ineffective at phagocytosing the neurotoxic AR plaques present in AD [101]. Instead,
microglia are activated by aggregated A plaques, driving a chronic neuroinflammatory

response[39].

Microglia receive input from not only the brain but also the gastrointestinal tract via the
vagus nerve [63]. When the vagus nerve senses a change in inflammation and
proinflammatory cytokine production in the gastrointestinal tract, afferent fibers relay this
information to the brain and influence neuroinflammation [65]. However, electrical
stimulation of the vagus nerve attenuates neuroinflammation induced by peripheral LPS
(lipopolysaccharide), a component of the Gram-negative bacterial cell envelope that can
be released upon cell lysis. In one study, C57BL/6 mice were challenged with peripheral
LPS and subjected to vagus nerve stimulation (VNS). VNS in the presence of LPS
resulted in an increase of IL-6, IL-13, and TNFa [102]. A study by Huffman and
colleagues challenged C57BL6/J mice with Escherichia coli derived LPS to induce
neuroinflammation. Percutaneous VNS stimulation reduced neuroinflammation, restored

LPS-induced cognitive decline, and modulated microglial activity. [103]. Another study
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using external, non-invasive VNS in 12 month old APP/PS1 transgenic AD mice
illustrated a shift from neurodestructive to neuroprotective microglia phenotypes[70].
Taken together, these studies demonstrate that LPS is a potent stimulator of microglia

via the vagus nerve, and vagal nerve stimulation may reverse neurotoxic microgliosis.

Microglia polarization is determined by a complex group of activation processes by
different stimuli in the CNS, resulting in microglia polarization [104]. When an injury is
present, microglia are capable of cytotoxic response and immune regulation, to resolve
the damages [105]. Differentiated microglia polarize to two main phenotypes; pro-
inflammatory or M1, and neuroprotective or M2 [106]. Microglia phenotype is based on
their activation pathways that communicate via environmental signals to alter gene
expression and cellular metabolism [107]. Classical activation by lipopolysaccharide
(LPS) and IFN-y polarize microglia cells to an M1 state, inducing production of pro-
inflammatory cytokines, including TNFa, IL-1p3, IL-12 [108,109] Alternative activation by
IL-4 and IL-13 polarize microglial cells to an M2 state, inducing production of anti-
inflammatory cytokines, including IL-4, IL-13, IL-10, and TGF- [108]. Thus, microbial

signals may be critical in M1/M2 polarization and therefore neurological health.

Microglia and the gut microbiota communicate via the gut microbiota-brain axis,
regulating immune homeostasis. Wang and colleagues demonstrated M1 polarized
neuroinflammation in 5XFAD mice is a result of abnormal production of amino acids,
including phenylalanine and isoleucine, by the gut microbiota. Increased M1 activation

as a result of crosstalk with Th1l cells infiltrating the CNS induced pathological
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neuroinflammation and cognitive decline [35]. Gut microbiota alterations may also affect
microglia activation by controlling maturation and function. In this study, adult germ-free
mice, lacking microbiota signaling, have distinct microglia with changes in density and
morphology [63]. Furthermore, a study on critical hypertension indicated the influence of
microglia dysfunction and neuroinflammation on the microbial communities in the gut. In
this study, inhibition of microglia activation led to changes in the phylum Proteobacteria,
suggesting that microglia activity plays a role in modulating the gut microbiota

composition [110].

Neuroinflammation: astrocyte activation and gut microbiome

Astrocytes are specialized resident glial cells in the CNS, and responsible for protection,
support of neurons, and overall homeostasis [111]. When damage occurs to the CNS,
astrocytes drive an inflammatory process called astrogliosis [112]. Astrocytes function in
AB clearance and blood brain barrier (BBB) integrity maintenance through production of
cytokines and chemokines, including IL-1, IL-6, and TNF-aq, to signal a pro-inflammatory
innate immune response [35,113,114]. Making up about 50% of human brain mass,
astrocytes play critical roles in neurodegenerative disorders and cognitive decline,

including AD [115].

Neuroinflammation in AD is exacerbated by dysfunction of astrocytes, resulting in
decreased BBB integrity and recruitment of immune cells from the blood. Astrocyte
dysfunction can lead to deposition of AB peptides in the brain and results in endothelial

cell damage and leakage of the blood brain barrier [116]. In one study, patients with
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mild cognitive impairment and early AD underwent dynamic contrast material-enhanced
magnetic resonance (MR) imaging to analyze BBB leakage, demonstrating cognitive
decline is directly related to severe leakage [117]. Furthermore, cytokines are able to
both cross the blood brain barrier and damage the blood brain barrier by increasing
permeability without entering the brain [118]. IL-1p, IL-6, and TNF-a have been shown
to modify functional activity of the BBB and can be selectively transported across the
BBB [119]. AB adhesion to microglia induces proinflammatory gene expression,
producing IL-1B and TNF-a, thereby activating astrogliosis and amplifying the
neuroinflammatory response. Increased proinflammatory cytokine production and
neuroinflammation eventually lead to tau hyperphosphorylation and neuronal loss
[120,121]. Recent studies have shown that gut microbiome impacts the function of
astrocytes. The microbial product, LPS, potentiates the production of inflammatory
mediators from astrocytes, leading to neurodegeneration [122]. LPS has been used in
many studies to induce microgliosis, astrogliosis, and neuronal
apoptosis[123],[124],[125]. Increases in the relative abundance of Nitriliruptor,
Youngiibacter, Burkholderia, and Desulfovibrio, in children with an autism spectrum
disorder, correlate with astrocyte activation [126]. Additionally, SCFA production by the
gut microbiota may inhibit astrocyte activation. A study by Liu and colleagues
demonstrated acetate, propionate, and butyrate, common SCFAs produced by the gut
microbiota, suppress LPS and proinflammatory cytokine production through inhibition of
the NF-kB pathway in vitro [127]. However, increased Lachnospiraceae,
Ruminococcaceae, and Prevotellaceae in the Gl tract of NLRP3-deficient mice

ameliorated astrocyte dysfunction and reduced depressive-like behaviors [128]. These
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findings suggest astrocytes may be a potential therapeutic target for neurological

disorders, including AD, associated with astrocyte activation and dysfunction.

Microbial Etiology Hypothesis in AD

Changes in gut microbiota composition and diversity during aging can drive age-
associated inflammation; recent studies in Drosophila [129] and in murine models
[130,131] suggest that alterations to the gut microbiota in late life drive increased
intestinal permeability and increased systemic inflammatory markers. Since
neuroinflammation is a key feature of Alzheimer’'s Disease (AD), understanding the
aging gut microbiome is critical to understanding AD progression. Mechanistically,
bacteria in the Gl tract can produce a significant amount of amyloids (aggregated,
insoluble proteins exhibiting B-pleated sheet structures) can contribute to AB plaque
formation and increase the risk for AD development [132—-134]. Microbiome-derived
functional amyloids have been described in the multiple microbial taxa, including
Saccharomyces cerevisiae, and broadly in the family Enterobacteriaceae. Escherichia
coli extracellular amyloids known as curli fibers help to facilitate attachment to surfaces
and protection against host defenses [135-138]. Both curli fibers from E. coli and sup35
from S. cerevisiae were capable of enhancing amyloid aggregation and amyloidosis in a
murine model of experimental amyloidosis, indicating that microbial-derived amyloids
may have prion-like properties [139]. In another study, amyloids derived from three
species of Gram negative bacteria (E. coli, Salmonella typhimurium, and Citrobacter
koseri could induce polymerization of amyloid aggregates across species in vitro, again

demonstrating the potential for microbiome-derived amyloids to contribute to
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amyloidosis in AD [140]. Microbial amyloids may also enhance the immune response to
endogenous amyloids, contributing to neuroinflammation. Microbial amyloids are
sensed by Toll-like receptor 2 (TLRZ2), which can induce expression of many of the
neuropathological features observed in AD, discussed above. Curli from S. typhimurium
was sufficient to induce IL-17A, IL-22, and IL-6 in the intestinal epithelium, and these
responses were blunted in TLR-2 deficient mice [141]. However, these findings must be
placed into the context of a healthy or dysbiotic microbiome; another study found that
commensal-derived amyloids may help to maintain the epithelial barrier and induce anti-
inflammatory IL-10 expression in the gut [142]. The altered microbiome composition
observed in human and preclinical models may lead to impaired epithelial barrier,
allowing microbiome-derived amyloids to translocate, cross-seed with endogenous

peptides, or activate a neuropathological immune response.

The endotoxin hypothesis of neurodegeneration states that the endotoxin, or LPS,
found in the outer membrane in all Gram-negative bacteria, crosses the blood brain
barrier to induce neuroinflammation and neurodegeneration. The proposed pathway
begins with a gastrointestinal infection, or perhaps an increase in absolute abundance
of a Gram-negative gut microbes, results in increased circulating endotoxins, which
cross the BBB, leading to chronic neuroinflammation and finally, neurodegeneration
[143,144]. Dysbiosis of the gut microbiota resulting in enrichment of Gram-negative
bacteria in the gut microbiota is associated with increased LPS-driven inflammation

[145]. Notably, Bacteroides fragilis, a known LPS-producing gut bacteria, is
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hypothesized to contribute to inflammatory signaling in AD patients via the NF-kB

pathway [146].

Peripheral LPS may contribute to neuroinflammation and AB plaque deposition in the
brain (summarized in Fig. 1). LPS in the gut activates the enteric nervous system, and
can stimulate production of the proinflammatory cytokines TNFa, IL-13, and IL-6, which
are secreted in the gut and can travel to the periphery [147]. More specifically, activation
of the ENS leads to TNFa induced inhibition and production of IL-6 in the Gl tract or
ENS cells in vitro, a known inflammatory cytokine in AD [148]. Inflammation of the
gastrointestinal tract increased intestinal permeability to recruit immune cells from
circulation, however also allowing inflammatory bacterial components to cross the
barrier into the peripheral circulatory system, eliciting systemic inflammation [93].
Pathogenic microbial metabolites, proinflammatory cytokines and other molecules
produced by the gut microbiota, including LPS, are associated with neuronal death and
neuroinflammation [149]. TLR-4, a known LPS receptor, is localized on microglia,
astrocytes, and neurons, and plays a role in both cell survival and death [150]. The
activation of TLR-4 on microglia and other neural cells leads to activation of the NF-kB
pathway, thereby increasing the production of cytokines and AB deposition. Additionally,
TLR-4 is expressed in vagal afferent fibers, which allow the vagus nerve to sense LPS
and activate the brain [65]. In rats, IP injection of LPS resulted in increased expression
of IL-6, IL-1B, and TNF-a in the brain, and LPS co-associated AB plaque deposition

[151]. The role of LPS in the development of AD is reviewed in [152].
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A considerable amount of research points towards an infectious etiology of AD.
Inflammation is an essential process in healing damaged tissue and fighting off
infection, however, chronic inflammation leads to permanent damage. Studies have
noted bacteria, viruses, protozoa, and fungi as potential agents in systemic infections
related to AD [153]. Injection of Helicobacter pylori, an opportunistic pathogen of the Gl
tract, induced memory impairment and AB plaque deposition through increased gene
expression of presenilin-1 in rats and in vitro. In the same study, injection of Escherichia
coli, another common gut pathogen, demonstrated no change in cognitive impairment or
plaque deposition [154]. Furthermore, in another study, different regions of the brain in
AD patients, including the frontal cortex and hippocampus, had evidence of Candida
spp. cells and hyphae, while control patients showed no signs of fungal cells or hyphae,
providing intriguing evidence for existing fungal infections in AD brains [155]. Moreover,
there is evidence to suggest fungal infections in the brain can be accompanied by
bacterial infections, demonstrating polymicrobial infections of the brain in AD may
contribute to pathogenesis and neuroinflammation [156]. Taken together, these studies
suggest translocation of microbes into the brain and chronic microbial infection may play

a role in neuroinflammation and AD neuropathologies.

Potential for microbiome-based therapeutics

The gut microbiota-brain axis remains a target for future therapeutics for AD.
Immunotherapy [157] and gut microbiota-targeted therapy [17] are among the many
potential therapeutic targets for AD. Immunotherapy targets include the anti-Ap and

anti-tau target antibodies, AB vaccines, and cytokine inhibition [157-159]. Passive
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immunization of naturally occurring autoantibodies injected into APPSwe mice, a single
transgenic model for amyloidosis, reduced toxic AB oligomers, and improved cognitive
function [160]. 3xTg-AD mice immunized with active, full length DNA AB42
demonstrated reduced plaque deposition and tauopathy [161]. LPS-treated 3xTg-AD
mice injected with TNF inhibitor XENP345, a TNF cytokine inhibitor, reduced
accumulation of 6E10 immunoactive protein, which contains amyloid precursor protein
fragments, therefore preventing pre-amyloidosis pathologies [162]. Neuroimmune
therapeutics targeting reduction of AR plaques and neurofibrillary tangles continue to
evolve as understanding of disease pathologies becomes more clear. Due to the
complexities involved in disease progression, combinatorial immunotherapy may hold

promise to a future of immunotherapeutics for AD [163].

Potential gut microbiota target therapies include prebiotic/probiotic supplementation and
fecal microbiota transplantation to restore gut microbiota to a diverse, healthy
microenvironment [164]. In 3xTg-AD mice, oral probiotic supplementation reduced AR
burden and hyperphosphorylated tau aggregates through gut microbiota manipulation
[165]. A study using E4FAD mice, a model for late onset AD, demonstrated that
supplementation with the prebiotic inulin increased SCFA’s and reduced
neuroinflammation [166]. Early probiotic trials in patients with AD or mild cognitive
impairment remain promising with results showing improved cognitive function,
suggesting the involvement of the gut microbiota brain axis [167],[168]. Despite the
numerous studies on transgenic mice modeling AD pathologies, few translational

studies in AD patients have been published. A case study of an 82 year old man with
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AD followed the patient over a six month period following an FMT treatment for a
Clostridioides difficile infection. The patient showed significant improvement on his Mini-
Mental State Examination, and scored in the normal cognition range at two and six
months post treatment. However, this was a case study, and a clinical trial of the effects
of FMT on AD patients through modulation of the gut microbiota-brain axis is warranted

[169].

Another method of gut microbiota targeted therapy is through dietary intervention.
Numerous epidemiological evidence has demonstrated a link between diet, gut
microbiota, and human health [170-172]. However, only recently have the mechanisms
linking diet and human health been uncovered. Diet and lifestyle are closely related to
cardiovascular and metabolic diseases, which are connected to neurological disorders.
For example, insulin resistance and high plasma homocysteine levels, which are
indicators of metabolic syndrome (Mets), play a major role in cerebral physiology and
morphology, amyloid- deposition, and neurological plaque accumulation [173]. In
addition, several studies have demonstrated that healthy diet patterns such as
Mediterranean diet (MeDi), dietary approach to stop hypertension (DASH), and
Mediterranean-DASH diet intervention for neurodegenerative delay (MIND) are effective
in reducing dementia and AD risk [174-177]. Brain glucose uptake is impaired in AD,
possibly due to a loss of synapses and neuronal dysfunction [178]. If deprived of
glucose, the primary energy source, the brain can switch to utilization of ketones
(specifically B-hydroxybutyrate [B-HB] and acetoacetate [AcAc]; [179,180]). Interestingly,

brain ketone uptake remains normal in AD patients [181,182]. Thus, several studies and
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review articles have assessed the potentially beneficial effect of a ketogenic diet in AD
[183—186]. Indeed, a systematic review of randomized clinical trials evaluating
ketogenic and non-ketogenic dietary interventions in participants with mild cognitive
impairment (MCI) and AD showed promising results from the studies included, despite

heterogeneity in study design, dietary compliance, and participants [187].

The gut microbiome is greatly affected by these dietary interventions. Changes in the
composition of the intestinal microbiota caused by diet affect the various metabolites
they produce, and these changes can regulate the host immune response in a
beneficial way and maintain the health of the nervous system. For example, a ketogenic
diet increased relative abundances of potentially beneficial bacteria (Akkermansia and
Lactobacillus) compared to mice fed a control diet. This correlated with enhanced
neurovascular function, and amyloid- clearance which was associated with reduction in
MTOR expression and increased endothelial nitric oxide synthase (eNOS) protein
expression [188]. In a study of patients with mild cognitive impairment, gut microbiota
composition is associated with cognitive impairment. A modified Mediterranean-
ketogenic diet (MMKD) regulated gut microbiome composition and production of
metabolites such as SCFA, which were associated with improvement of AD symptoms
[189,190]. These studies suggest the modification of gut microbiome through dietary
intervention can be a strong candidate for future AD therapy. Future studies focused on
the gut microbiota-brain axis as a therapeutic utilizing a multi-omics approach, which is
crucial for uncovering the role of the gut microbiota-brain axis in AD and the

development of therapeutics.
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Limitations of Current Research

Current research on the gut microbiota-brain axis in Alzheimer’s disease is based
mostly on compositional microbiome data using 16S rRNA marker gene sequencing.
Few studies have evaluated the role of fungal microbiota in the gut, though recent work
has demonstrated a critical role of fungal communities in health and development of
peripheral organs through sensing of fungi by gut-resident immune cells, such as
mononuclear phagocytes [191]. While this approach has laid the foundation for the field,
the use of transcriptomics, metagenomics, and metabolomics will be necessary to
uncover the complex set of mechanisms involved in the gut microbiota-brain axis. There
are a limited number of studies in human AD patients, as highlighted by the minimal
studies cited in this review, and the studies in human AD to date have been
observational. Thus, we cannot yet determine the directionality of the observed changes
in the gut microbiota in AD, e.g., whether gut microbiome dysbiosis is due to altered
diet, medication use, or stress in individuals with AD. However, preclinical murine
models of AD pathologies demonstrate altered gut microbiota prior to emergence of
amyloidosis, tauopathy, or neuroinflammation, which provides some, but limited,
evidence that changes in the gut microbiome may contribute to AD progression. Future
longitudinal, cross-sectional, and interventional studies in AD patients are warranted to
study key changes in the gut microbiota composition, mechanistic pathways, and

possible therapeutics.
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In a broader sense, treatment of disease through modification of the gut microbiome is
extremely challenging due to the myriad of factors that shape microbiome composition
and function. Development of the gut microbiome begins at birth, and rapidly changes
during the first three years of life [192]. The gut microbiome is influenced by host
genetics, mode of delivery, diets, surrounding environment, and lifestyles of individuals,
and even psychological factors such as stress and anxiety [193—196]. For this reason, it
is difficult to accurately distinguish which gut microbiota contributes to the onset or
progression of Alzheimer’s disease, and even if such gut microbiota is found, it is
difficult to modify and maintain changes to the gut microbiome. Patients with
Alzheimer’s Disease experience a range of dietary, medical, and stress-related changes
as dementia progresses, which may influence the composition of the gut microbiome
independent of disease pathologies. For future studies, it is important to have accurate
understandings of how modifying the gut microbiome can contribute to health status of
AD patients, and to determine how to maintain a healthy microbiome using a
combination of rationally-developed probiotics (live microorganisms that confer a health
benefit), prebiotics (nondigestible dietary ingredients that promote the growth of

beneficial microorganisms), or dietary interventions.

CONCLUSIONS

Thus far, we have summarized the role of the gut microbiota-brain axis as an integral
part of disease pathogenesis. However, this complex system employs a myriad of
mechanisms working together in the development of AD. While there are many moving

factors in AD pathophysiology, identifying key pathways and mechanisms involved in
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progression is crucial in order to develop novel therapeutic targets. Growing evidence
supports bidirectional communication between the CNS and the gut microbiota; studies
demonstrate that the microbiota shapes AD pathologies and neuroinflammation, and AD
pathogenesis modulates the gut microbiota composition. The gut microbiota-brain axis
modulates key processes, including immune cell maturation, SCFA, LPS, and cytokine
production, permeability of the gut epithelium and BBB, and gut microbiota diversity.
Gut microbiota production of SCFA is reduced in AD thereby inducing the NF-kB
pathway and increasing production of proinflammatory cytokines, including IL-1p3, IL-6,
and TNFa [197]. These cytokines are able to modulate the BBB permeability and
translocate to the brain [119]. Once in the brain, proinflammatory cytokines potentiate
AB deposition, tau hyperphosphorylation, microgliosis, and astrogliosis, increasing the
severity of AD pathologies. Further studies are warranted to identify the directionality of
observed changes in the microbiota, mechanisms, and therapeutic strategies with these
novel targets. In particular, focus on elucidating the interactions between the gut
microbiota communities and cytokines and their role in neuroinflammation and disease
pathologies will lead to a better understanding of disease mechanisms. Studies with a
multi-omics approach in both animal models, carefully selected human cohorts, and in
vitro mechanistic studies will uncover the underlying mechanisms of the gut microbiota-
brain axis and its impact on AD, dementia, and other neurological diseases. Focus on
neuroinflammation and cytokines in the gut microbiota-brain axis will elucidate the role

of chronic inflammation in AD and other inflammatory diseases.
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Figure 1. Proposed mechanism of LPS-induced neuropathologies in AD. AD-associated
microbiome composition has increased abundance of lipopolysaccharide (LPS)
producing bacteria, including Bacteroides. LPS stimulates enteric microglia to produce
IL-1B, IL-6, and TNF-a, which induces the NF-kB pathway, therefore upregulating
expression of proinflammatory cytokines. Similarly, LPS stimulates the vagus nerve,
activating microglia in the brain, thereby promoting neuroinflammation. LPS is able to
translocate from the Gl tract to the circulatory system and stimulate astrocytes. The
reduction in blood brain barrier (BBB) integrity allows LPS to cross the BBB and further

promote inflammation in the brain.

Table 1. Alterations in gut microbiota composition in humans and transgenic mice
without intervention.

Species | Increased abundance Decreased abundance Citation

Human | g.Blautia, g.Turicibacter, g.Clostridium, | Vogt et. al[72]

g.Alistipes, g.Bacteroides | g.Dialister

Human | g.Gammaproteobacteria, | g.Ruminococcus Liu et. al[73]
g.Enterobacteriales and g.Clostridiaceae,
g.Enterobacteriacea g.Lachnospiraceae

Human | g.Ruminococcus, g.Lachnospiraceaeqg, Zhuang[74]
g.Subdoligranulum g.Lachnoclostridium,

g.Bacteroides

Human | g.Bacteroides, g.Alistipes, | g.Butyrivibrio, g.Eubacterium, | Haran et.
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g.Lachnospiraceae,

g.Ruminococcus

g.Odoribacter g.Lachnoclostridium, al[75]
APP/PS | g.Desulfovibrio, g.Alistiples, Chen et.
1 g.Akkermansia, g.Lachnospiraceae al[78]

Table 2. Alterations in gut microbiota composition in transgenic mice after the

intervention.

Species | Increased Decreased Intervention Citation
abundance abundance

3xTg-AD | g.Bifidobacterium o.Campylobacterales | SLAB51 Bonfili et.

probiotic al[82]

APP/PS | g.Lactobacillus g.Helicobacter FOS Sun et.

1 supplement al[83]

3xTg-AD | f Rikenellaceae, g.Bifidobacterium, Fatty diet Sanguinetti
f.Lachnospiraceae, |g.Lactobacillus et. al[84]

f.Enterococcaceae

and f.S24.7
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CHAPTER 2: Predicting neurodegenerative disease using pre-pathology gut microbiota

composition: a longitudinal study in mice modeling Alzheimer’s disease pathologies
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ABSTRACT

The gut microbiota-brain axis is suspected to contribute to the development of
Alzheimer’s Disease (AD), a neurodegenerative disease characterized by amyloid-3
plague deposition, neurofibrillary tangles, and neuroinflammation. To evaluate the role
of the gut microbiota-brain axis in AD, we characterized the gut microbiota of triple
transgenic (3xTg-AD) mice modeling amyloidosis and tauopathy, and wild type (WT)
genetic controls (B6129F2/J) throughout development of AD pathologies. Fecal
samples were collected fortnightly from 4 to 52 weeks, and the V4 region of the 16S
rRNA gene was amplified and sequenced on an lllumina MiSeq. RNA was extracted
from the colon and hippocampus, converted to cDNA, and used to measure immune
gene expression using a RT-gPCR array. Bacterial taxonomy was classified using
Greengenes. Diversity metrics were calculated using QIIME 2, and a Random Forest
classifier was applied to predict bacterial features that are important in predicting mouse
genotype. Gut microbiota were compositionally distinct early in life between 3xTg-AD
mice and WT mice (Jaccard distance, PERMANOVA 8 weeks, p=0.001, 24 weeks,
p=0.039, and 52 weeks, p=0.058). Using a Random Forest classifier, we demonstrate
that mouse genotype was correctly predicted 95-100% using the fecal microbiome
composition at the time point prior to development of disease pathologies. Finally, we
demonstrate that Bacteroides species relative abundance increased over time in 3xTg-
AD mice. Other taxa, such as Turicibacter and Akkermansia, increased in relative
abundance in young 3xTg-AD mice, but decreased as mice reached 24 weeks of age.
Only Lactobacillus salivarius was increased in relative abundance in WT mice

compared to 3xTg-AD mice, potentially indicating a protective role for this taxon. Taken
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together, we demonstrated that changes in features of the gut microbiota composition at

pre-pathology timepoints are predictive of development of AD pathologies.

INTRODUCTION

The human microbiota, the aggregate of all bacterial, viral, fungal, and archaeal cells
that inhabit the human body, consists of 1-1.5x more microbial cells than human cells
(~10%).% Niche-specific microbiota reside virtually across entire human body, including
the skin, oral cavity, respiratory tracts, vaginal cavity, and the Gl tract.? The gut
microbiota, which makes up approximately 70% of the total microbial burden in the
body,® contributes to a myriad of roles, including host immune regulation,* macronutrient
metabolism,®> and maintenance of overall health.® In healthy individuals, the gut
microbiota tends to be highly diverse.” However, perturbations to the healthy gut
microbiota caused by disease, aging, diet, or other environmental factors can lead to
alterations in the composition or function of these communities. Alterations in a healthy
gut microbiota are are associated with inflammation and chronic noncommunicable
diseases such as obesity,? diabetes,® asthma,® and inflammatory bowel disease.''1?13
Recent studies of gut microbiota-associated effects of host health are beginning to
demonstrate effects on extragastric organs, including neurological health and

disease.14-16

The gut microbiota-brain axis is the bidirectional communication between the gut and
brain through immune, nervous, metabolic, and endocrine signaling.” These collective

mechanisms regulate a number of physiological processes, including gut motility and
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permeability,'® local and systemic inflammation,® and normal brain function.?® Major
perturbations to the gut microbiota-brain axis signaling is associated with diseases
affecting the gastrointestinal tract, including Crohn’s disease?! and irritable bowel
syndrome,?? as well as the brain, including Parkinson’s disease,?® Alzheimer’s disease

(AD),?* autism spectrum disorder,?®> and multiple sclerosis.?®

Alzheimer’s disease (AD) is an irreversible, neurodegenerative disease characterized
by deposition of amyloid-B plaques and formation of neurofibrillary tangles in the brain,
resulting in irreversible, progressive memory loss. Patients with AD experience cognitive
decline, often accompanied with anger, depression, and personality changes.
Unfortunately, once symptoms become apparent, the individual will continue to decline
until they are unable to perform daily tasks and communicate, and the disease is
ultimately fatal.?” AD rates are rapidly increasing as our elderly population grows, with
projections that cases will more than triple in the next 30 years.?® With no cure, and few
therapies available to slow the progression, understanding disease pathogenesis is
critical in the timely development of effective therapies. Currently, the main targets of
AD therapies are neurotransmitter receptors, secretase inhibitors, modulation of
amyloidosis and tauopathy, and immunotherapy.?® The AB-cascade hypothesis, which
proposes neurotoxic Ap plaques are the causative agent of AD, leading to the formation
of neurofibrillary tangles, vascular damage, and dementia, has more recently been
brought into question with increasing evidence against the long standing hypothesis.*
Neuroinflammation has become a key research focus for AD, as it contributes to an

increased rate of disease progression and severity.3!
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Neuroinflammation in AD is characterized by a complex set of pathways, including
dysfunctional microglia and astrocytes. Microglia are the resident macrophages of the
central nervous system, while astrocytes function to support neuronal synaptic function
and maintain the integrity of the blood brain barrier (BBB).32:*3 Microglia clear soluble
amyloid-f via macropinocytosis, however, in the insoluble, fibrillary form, microglia are
unable to clear amyloid- deposits at the rate they are forming, leading to accumulation
of amyloid-B plaques.3* The chronic neuroinflammation in AD is further characterized by
pro-inflammatory biochemical processes, including the release of proinflammatory
cytokines, mainly IL-1B, TNF-a, and IL-6.%> With mounting evidence of the role of
neuroinflammation in AD pathogenesis, identifying shifts in inflammatory biomarkers
during disease progression is increasingly important for identifying mechanistic

pathways in the gut microbiota-brain axis.

In this study, we characterized the gut microbiota fortnightly through 52 weeks of age in
3xTg-AD mice with mutations (APP(Swe), PSEN1(M146V), and MAPT(P301L))
associated with familial AD modeling amyloid-p plaques and hyperphosphorylated tau
and their genetic background (B6129F2/J; wild type [WT]). The APP(Swe) mutation in
the amyloid precursor protein increases total amyloid-3, while the PSEN1(M146V)
mutation of the cleavage enzyme induces abnormal APP processing, resulting in
increased AP plaque accumulation®. The third mutation of MAPT(P301L) accelerates
the formation of neurofibrillary tangles.?” In this preclinical model, cognitive deficits

develop at 4 months, preceding plague accumulation at 6 months, gliosis at 7 months,
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and hyperphosphorylated tau at 12 months.*3° To our knowledge, this is the first study
of its kind to characterize the gut microbiota composition of a transgenic AD murine
model at 25 time points to identify key temporal patterns in the gut bacterial microbiome.
Additionally, we compared changes in the gut microbiota composition to gene
expression of key markers of inflammation using reverse transcriptase quantitative PCR
(RT-gPCR). We hypothesized that alterations in the gut microbiome would correspond
with key timepoints associated with emergence of amyloid-p plaques,

hyperphosphorylated tau, and neuroinflammation.

RESULTS

Longitudinal analysis of gut microbiota composition and inflammatory gene
expression in 3xTg-AD mice.

To explore shifts in gut microbial communities during disease progression, we used 16S
rRNA gene sequencing to characterize fortnightly fecal samples from 4 weeks (post-
weaning) to 52 weeks (amyloid-8 plaques and hyperphosphorylated tau modeled) of
age. Our cohort consisted of 57 3xTg-AD mice and 31 Wild Type (WT) mice, sacrificed
at 8, 24, and 52 weeks (Fig. 1, n=88 mice, n=1,717 total fecal samples at 25 time
points). Gene expression of AD-associated inflammatory biomarkers was assessed at

8, 24, and 52 weeks of age.
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Figure 1. Longitudinal study design. Fecal sample collections from 3xTg-AD and WT
mice began at 4 weeks of age and continued fortnightly until sacrifice at 8 weeks (pre-
pathologies), 24 weeks (amyloidosis), and 52 weeks (amyloidosis and tauopathy).
Image created using Biorender.com.

Inflammatory gene biomarkers in the hippocampus and colon

To assess severity of the inflammatory response in the colon and hippocampus of 3xTg-
AD mice, we used a custom reverse transcriptase qPCR assay to evaluate 24 genes for
AD-associated inflammatory biomarkers. Based on previous characterization of
pathologies in the brain of 3xTg-AD mice, the hippocampus was selected for
neuroinflammatory marker analysis.*° Of the 19 genes assessed, seven were TH1/TH17
markers, three were astrogliosis markers, eight were microgliosis markers, one was a
LPS-induced inflammation marker, and five were controls/housekeeping genes (Table

S1). Fold change was calculated for hippocampus and colon samples from 8, 24, and

52 week old 3xTg-AD and WT mice using the 24t method. In the colon, gene

expression of GFAP (astrogliosis marker) was increased in 3xTg-AD mice at 24 weeks
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compared to 52 weeks (p=0.009, Mann-Whitney Fig. 2A), and IL-6 was increased in
3xTg-AD mice at 52 weeks compared to WT mice at 52 weeks (p=0.049, Mann-
Whitney, Fig. 2B). In the hippocampus, GFAP was increased in 52 week 3xTg-AD mice
compared to 52 week WT mice (p=0.015, Mann-Whitney, Fig. 2C). Gene expression of
Mrcl (microgliosis marker) was also increased in the hippocampus of 3xTg-AD mice at

24 weeks compared to 52 weeks (p= 0.004 , Mann-Whitney, Fig. 2D).
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Figure 2. Relative gene expression of GFAP and IL-6 in the colon and GFAP and
MRCL1 in the hippocampus. Hippocampus and colon from 3xTg-AD and WT mice were
collected at 8, 24, and 52 weeks. A) Gene expression of GFAP (astrogliosis marker) is
significantly increased at 24 week 3xTg-AD mice compared to 52 week 3xTg-AD mice
(p=0.009, Mann-Whitney) and increased in 52 week 3xTg-AD mice compared to 52
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week WT mice (p=0.0484, Mann-Whitney). B) Gene expression of IL-6 is significantly
increased in 52 week 3xTg-AD mice compared to 52 week WT mice (p=0.015, Mann-
Whitney). C) Gene expression of GFAP (astrogliosis marker) is significantly increased
at 52 week 3xTg-AD mice compared to 52 week WT (p=0.049, Mann-Whitney). D)
Gene expression of Mrcl (microgliosis marker) is significantly increased at 24 week
3xTg-AD mice compared to 52 week (p= 0.004 , Mann-Whitney) and 8 week 3xTg-AD
mice (p= 0.0357, Mann-Whitney).
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Figure 3. Volatility analysis of 3xTg-AD and WT mice from 4 to 52 weeks
demonstrate distinct gut microbiota compositions in early life in 3xTg-AD mice
compared to WT mice . A) Volatility plot of PCoA Axis 1 of the Jaccard dissimilarity
index. This demonstrates differences in the gut microbiota until 32 weeks of age by
strain. Thick lines represent the average change in the gut microbiota on PC1 over time
in 3xTg-AD and WT mice, and thin lines represent changes in the gut microbiota on
PC1 over time in individual mice. B) Volatility plot of PCoA Axis 1 of Unweighted Unifrac
distance metric. This demonstrates differences in the gut microbiota until 42 weeks of
age by strain. Thick lines represent the average change in the gut microbiota on PC1
over time in 3xTg-AD and WT mice, and thin lines represent changes in the gut
microbiota on PC1 over time in individual mice.

3xTg-AD mice have a distinct gut microbiota composition prior to the

development of AD-associated pathologies

Beta diversity (between-sample) metrics were used to identify compositional differences
in the bacterial gut microbiota between 3xTg-AD and WT mice over time. We applied

Jaccard and Unweighted Unifrac, which are unweighted (qualitative) beta diversity
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metrics, and Bray-Curtis and Weighted Unifrac, which are weighted (quantitative) beta
diversity metrics to our samples. Volatility analysis demonstrates a distinct gut
microbiota composition for the first 30 weeks of age using Jaccard diversity (Fig. 3A)
and 40 weeks using Unweighted Unifrac (Fig. 3B) in 3xTg-AD mice when compared to
WT mice. As mice age, the composition of the gut microbiota becomes more similar
between the strains of mice (Fig. 3, n=88 mice, n=1717 total fecal samples at 25 time
points). To analyze the differences in composition at 8 weeks (baseline), 24 weeks
(when amyloid plaques are present), and 52 weeks (amyloid plaques and
hyperphosphorylated tau are present), a PCoA of Jaccard and Unweighted Unifrac
distances were generated with PCoA 1 plotted against time, highlighting the key three
timepoints. The gut microbiota composition was statistically distinct, using Jaccard and
Unweighted Unifrac metrics, between 3xTg-AD and WT mice in early life, shown at 8
and 24 weeks. However, the gut microbiota composition became more similar at later
time points, demonstrated at 52 weeks of age (Fig. S2A, (PERMANOVA, p=0.054, f-
statistic=1.33127) and S2B, (PERMANOVA, p=0.065, f-statistic=1.45748)). Weighted
beta diversity metrics show a similar, though less robust, pattern at the baseline and 24
week timepoints. Volatility analysis and PCoA of the Bray-Curtis dissimilarity metric
demonstrates distinct gut microbiota compositions between 3xTg-AD and WT mice at 8
(PERMANOVA, p=0.001, f-statistic=10.1743) and 24 (PERMANOVA, p=0.016, f-
statistic=1.98555) weeks of age, but not at 52 (PERMANOVA, p=0.508, f-
statistic=0.90456) weeks of age (Fig. S3A, Fig. S3C). A PCoA of the Weighted Unifrac
distance metric also demonstrates distinct gut microbiota compositions between 3xTg-

AD and WT mice at 8 (PERMANOVA, p=0.03, f-statistic=3.10426), but not at 24

70



(PERMANOVA, p=0.566, f-statistic=0.717805) and 52 (PERMANOVA, p=0.066) weeks
of age (Fig. S3B, Fig. S3D). Taken together, these results indicate qualitative (not
weighted by abundance of taxa) metrics suggesting the strongest drivers of different

microbial communities are the less abundant taxa in the murine gut microbiota.
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Figure 4. Feature volatility at species level. A) Feature volatility chart of Akkermansia
muciniphila demonstrates presence early in life in 3xTg-AD mice while depleted in WT
mice. B) Feature volatility chart of Turicibacter sp. demonstrates an increase in relative
abundance in 3xTg-AD mice early in life compared to WT that decreases over time in
both mouse strains. C) Feature volatility chart of Prevotella sp. demonstrates increasing
abundance in 3xTg-AD mice after 20 weeks of age while relatively stable in WT mice.
D) Feature volatility chart of Bacteroides acidifaciens demonstrates a stable increase in
relative abundance in 3xTg-AD mice after 25 weeks of age. E) Feature volatility chart of
Lactobacillus salivarius shows a depletion in 3xTg-AD mice compared to WT mice.
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Bacterial features are differentially enriched in 3xTg-AD and WT mice over time

To identify the ASVs that are driving the differences in gut microbiota composition
between 3xTg-AD and WT mice, feature volatility plots were produced using the QIIME
2 plug-in, g2-longitudinal. We identified five features collapsed at the species level. The
longitudinal feature analysis demonstrates a temporal trend of increasing relative
abundance of the genera Akkermansia muciniphila and Turicibacter sp. early in life
while Prevotella sp. and Bacteroides acidifaciens increase after 24 weeks of age in
3xTg-AD mice. Further, the longitudinal feature analysis identified Lactobacillus

salivarius as an ASV that is depleted in 3xTg-AD mice.

Differential abundance analysis of ASVs, using analysis of composition of microbiomes
(ANCOM) run within individual weeks only to avoid the sample dependency issues
inherent in longitudinal studies, revealed differential abundance of 59 ASVs between
WT and 3xTg-AD mice at 8 weeks of age (Supplementary Table S2). At 8 weeks of age,
Akkermansia (W=56) and Turicibacter (W=56) were differentially abundant ASVs
enriched in 3xTg-AD mice, while Bacteroides (W=57), Sutterella (W=53), Anaerostipes
(W=53) were enriched in WT mice. There were no differentially abundant taxa at 24

weeks, but at 52 weeks 23 taxa were differentially abundant (Supplementary Table S2).

Associations between bacterial microbiota and mouse genotype over time using

Linear Mixed Effects and Random Forest machine learning

We applied a Linear Mixed Effects (LME) model to determine the relationship of

genotype (as a fixed effect) on gut microbiome diversity and Bacteroides acidifaciens
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abundance over time, leveraging the repeated measures for each mouse. When we
performed pairwise comparisons at each timepoint, Faith’s Phylogenetic Diversity, an
alpha diversity metric, was not significantly different in 3xTg-AD mice at 8 weeks
compared to WT mice at 8 weeks (p = 0.098, Wilcoxon Rank Sum), 3xTg-AD mice at 24
weeks compared to WT mice at 24 weeks (p = 0.63, Wilcoxon Rank Sum), and 3xTg-
AD mice at 52 weeks compared to WT mice at 52 weeks (p-value = 0.17, Wilcoxon
Rank Sum (Figure S1)). However, when we leveraged LME to analyze the effect of
genotype on alpha diversity, Faith’s PDI was significantly higher in the WT mice
compared to the 3xTg-AD mice at baseline (p < 0.001), and was consistently higher
over time (p < 0.001). To evaluate the effect of genotype on microbial composition over
time, we used LME on the first principle coordinate axis (PC1) from a PCoA generated
from the Jaccard dissimilarity metric. Gut microbial composition of 3xTg-AD mice was
significantly distinct at baseline (p < 0.001) and there were significant differences over
time (p < 0.001). Genotype did interact with time in modulating the gut microbiome,
suggesting a possible impact of genotype on microbiome development (p < 0.001). Gut
microbiome composition changed more drastically in 3xTg-AD mice from the baseline
sample when compared to WT mice; the WT gut microbiome remained relatively stable
over time. Finally, we wanted to determine whether there was a relationship between
Bacteroides acidifaciens and genotype over time, since volatility analysis and ANCOM
both demonstrated that this genus was enriched in 3xTg-AD mice. We applied LME to
the relative abundance of Bacteroides acidifaciens using genotype as a fixed effect. We
demonstrate that B. acidifaciens abundance was significantly different at baseline (p <

0.001) between 3xTg-AD and WT mice. Further, we demonstrate differences in B.

73



acidifaciens abundance by genotype (p = 0.049), and that there was a significant
interaction between genotype and time (p < 0.001). These results demonstrate robust

genotype-dependent changes in the gut microbiome over time.

We next used a Random Forest machine learning classifier to predict mouse genotype
based on the bacterial features present in fecal samples. The Random Forest classifier
was trained using 5 cross-fold cross validation on 80% of the samples and was then
applied to the remaining 20% of samples to determine which taxa were most important
in predicting mouse strain based on features of importance it identified in the training
set. Feature tables were collapsed at genus level, species level, and combined with the
feature table of ASV’s prior to running Random Forest. We applied the Random Forest
classifier on independent samples from the 8 week time point on all n=57 mice to
determine if gut microbiota features accurately predict genotype, regardless of age. This
time point was selected because it is prior to the onset of AD pathologies, and because
there is an adequate sample size to perform Random Forest analysis. At 8 weeks of
age, Random Forest accurately predicted 3xTg-AD mice 88.9% of the time, and WT
mice 100% of the time, improving accuracy over baseline 1.4 fold (Table 1). Baseline
accuracy is calculated by assuming every sample will be predicted as the metadata
group with the largest n. Critically, these results demonstrate accurate prediction of

genotype using a pre-pathology timepoint.

Table 1: Random Forest Sample Classifier Performed on 8 week old 3xTg-AD and WT mice.
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Strain Ages Accuracy Baseline Ratio  Accuracy Ratio

3xTg-AD 8 weeks 0.889 0.643 1.444
WT 8 weeks 1.000 0.643 1.444
DISCUSSION

Despite numerous studies investigating how the gut microbiota is altered in AD, both in
human and murine models, few studies have extensively sampled longitudinally to
identify the dynamic gut microbiota signatures in 3xTg-AD mice. Previous studies have
shown that 3xTg-AD mice have a distinct bacterial signature compared to age-matched
controls.*1-43 However, there are only two studies to our knowledge that investigate gut
microbiota in 3xTg-AD mice at more than one time point; the authors evaluated the gut
microbiome at two*?>4* and four4?* time points. In one study, the gut microbiota of
3xTg-AD and WT mice were assessed at 8, 12, 18, and 24 weeks.** They too
demonstrate compositional differences that were highlighted at the 8 week timepoint,
but the specific taxa that were depleted in the 3xTg-AD mice differed from our study. In
the second study, the gut microbiota of 3xTg-AD and WT mice were assessed at 16
weeks and 24 weeks. They similarly demonstrate alterations in the gut microbiome prior
to development of pathologies, but did not report taxonomic changes to the genus
level.*2 Here, we assessed the temporal dynamics by dense longitudinal sampling of
microbial communities in the gut of 3xTg-AD mice over the course of a year to better
understand compositional changes that correlate with disease pathologies. Our study

characterizes gut microbiota composition at 25 time points (n=1,717 total samples), with
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multiple time points corresponding to pre-pathology development, plaque deposition,
and one time point corresponding to plaque deposition and hyperphosphorylated tau.
Several bacteria, including Bacteroides acidifaciens, Prevotella sp., Akkermansia
muciniphila, Turicibacter sp., and Lactobacillus salivarius, differed in relative abundance
between 3xTg-AD and WT mice temporally. Turicibacter sp. and Akkermansia
muciniphila were enriched in the gut microbiota in 3XTg-AD mice at early time points,
preceding pathology development, while Bacteroides acidifaciens and Prevotella sp.
were enriched in the gut microbiota of 3xTg-AD mice at later time points. Critically,
these features in the gut microbiota were used to successfully predict strain of mice
early on in life, showing potential for unique signatures in the gut microbiota composition

to be used as a predictor of AD prior to pathology development.

Previous studies support that perturbations to the gut microbiota composition alter host
immune responses, thereby shifting towards a proinflammatory environment in the
colon and hippocampus.* To quantify changes in the inflammatory profile of 3xTg-AD
mice, we assessed the expression of relevant neuroinflammatory and inflammatory
genes at each body site. Significant increases in TNF-a, IL-6, IL-18, IFN-y gene
expression via RT-gPCR on brain tissue have been observed in 3xTg-AD mice at 16
months of age.*® In our study, we found significant upregulation of IL-6 gene expression
in the colon of 52 week 3xTg-AD mice when compared to 52 week WT mice, but no
changes in TNF-a, IL-18, IFN-y were observed at 52 weeks of age. We also observed
significant upregulation of glial fibrillary acidic protein (GFAP), a marker of astrogliosis,

in the hippocampus and colon of 3xTg-AD mice at 52 weeks when compared to 52
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week WT mice. Enteric glial cells (EGCs) are resident to the enteric nervous system,
which aids in regulation of the gastrointestinal tract via modulation of immune and
endocrine function.*” EGCs resemble astrocytes in the brain in their morphology, ability
to secrete cytokines, and their expression of glial fibrillary acidic protein. Increased gene
expression of GFAP in the colon of rats 4 hours after intravenous LPS injection
suggests that GFAP upregulation is a result of acute exposure to a systemic
inflammatory environment.*’ Interestingly, GFAP has also been identified as a blood
biomarker in AD patients and correlates with cognitive impairment.*® These findings
support our hypothesis that the Gl tract and the brain are communicating via transport
of chemical mediators in the bloodstream. Finally, MRC1 (also known as CD206) was
elevated in the hippocampus at 24 weeks of age in 3xTg-AD mice, indicating
microgliosis. We hypothesize that the upregulation of MRC1 at 24 weeks of age is
associated with increased phagocytosis in response to the deposition of amyloid-f3,

which is documented at 6 months of age.*®

In this study, we demonstrate distinct microbial compositions in 3xTg-AD mice prior to
the development of AD pathologies. As mice aged, the gut microbiota of 3xTg-AD and
WT mice became more similar. Unweighted metrics (Jaccard and Unweighted Unifrac)
demonstrated significant differences at 8 and 24 weeks, but not at 52 weeks of age. We
did observe significant differences using weighted beta diversity metrics (Bray Curtis
and Weighted UniFrac) which account for abundance of observed features at 8 weeks,
but not at 24 and 52 weeks. This indicates that lower abundance bacterial microbiota

features are strong drivers of changes in gut microbiota composition. Similar findings of
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compositional differences early in life were reported in female 3xTg-AD mice at 3 and 5
months of age when compared to B6129SF1/J mice.*? Early-life gut microbiota
composition perturbations in mice have been associated with aging-associated health
and disease, including neurodegenerative diseases like AD.*° Our findings indicate
compositional differences in microbial communities, driven by rare taxa early in life, are

present prior to amyloidosis and tauopathy development.

Alpha diversity is frequently used as a marker of disease status, and is decreased in
several diseases associated with the gut-microbiota brain axis, including depression,>*
Autism Spectrum Disorder,>? Parkinson’s disease,>® and in some studies, AD.1%54 In
humans, alpha diversity was reported to be decreased in elders with AD compared to
age-matched healthy participants.'® When we analyzed alpha diversity metrics by
subsampling our data to include one mouse at each timepoint, we did not find significant
differences. These findings align well with other studies that have been performed in
mice. In one, no differences in alpha diversity were reported when comparing 3 and 5
month 3xTg-AD female mice*? and in another, no differences in alpha diversity were
reported in 8, 12, 18, and 24 week old 3xTg-AD male mice compared to age-matched
WT mice.** However, when we leveraged dense longitudinal sampling using LME, we
demonstrate that genotype has an effect on Faith’s PD, where WT mice have a higher
alpha diversity than 3xTg-AD mice. These findings suggest lower alpha diversity in
3xTg-AD mice may be a predictor of disease status when assessed during onset and

progression of AD pathologies.
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To identify key features of the gut microbiota composition that differentiate 3xTg-AD
mice from WT mice, we used a Random Forest machine learning classifier on a feature
table of the fecal microbiota. Our analysis demonstrated successful discrimination
between 3xTg-AD and WT mice using gut microbiota compositions from 4 to 52 weeks
of age, but prediction accuracy was improved when we included only samples from pre-
pathology timepoints. We selected samples at 2 months of age (6 and 8 weeks) and 6
months of age (22 and 24 weeks) to increase sample size due to loss of samples during
the sample classifier training. Several of the features that were most important for
predicting strain were also significant in our other analyses, including Lactobacillus sp.,
Lactobacillus salivarius, and Bacteroides sp. The predictive power of these models
indicates unique bacterial communities early in life and throughout life in 3xTg-AD mice
modeling AD disease pathologies. Interestingly, Haran and colleagues were able to
discriminate between elders with AD and elders with different types of dementia using a
random forest model using strain-level features of the gut microbiome generated using
shallow shotgun metagenomic sequencing.®® Both B. fragilis and B. vulgatus were
important features in classifying participants in their study. Bacteroides were also
enriched in 3xTg-AD mice in our study. These findings suggest certain microbes
identified in the cohort with AD in this study, including Bacteroides sp., may play a
mechanistic role in the key pathologies of AD. We are performing additional studies to

evaluate the role of Bacteroides in AD progression.

We observed concordance in feature importance across our Random Forest classifier,

longitudinal volatility analysis, and differential abundance testing (ANCOM). Analysis of
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feature volatility revealed taxa at the bacterial genus- and species- level resolution that
are predictive of age within each strain. Akkermansia muciniphila, a mucin-degrading
bacteria associated with intestinal inflammation in mice, is present in 3xTg-AD early in
life, but not in WT mice.%® Turicibacter sp., shown to be involved in intestinal serotonin
production, is increased in 3xTg-AD mice early in life compared to WT mice.>’
Prevotella sp., associated with reduction in short chain fatty acid production and
intestinal inflammation in mice,>® was increased later in life of 3xTg-AD mice.
Lactobacillus salivarius, a bacteria shown to positively influence immune cell
development, was present in greater relative abundance in WT mice for the first 32
weeks of life.>° Taken together, these results indicate potential contributions from 3xTg-

AD mice gut microbial communities in inflammatory processes and neurological health.

All three statistical approaches used in our study (ANCOM, Random Forest machine
learning, and volatility analysis) demonstrated increased relative abundance in
Bacteroides in 3xTg-AD mice. Notably, Random Forest identified the low abundance
taxon, Bacteroides acidifaciens, as highly important in predicting mouse strain. Other
species of Bacteroides have been implicated in health status and are likely key
contributors to host-microbial interactions via the gut microbiome-brain axis.
Bacteroides fragilis and Bacteroides stercosis function ecologically as keystone species,
indicated by low relative abundance and disproportionately numerous interactions on
microbial community dynamics.®° B. fragilis can influence the gut microbiome-brain axis
and reduce autism-like behaviors by modulating serum metabolites and Gl

inflammation.®! Bacteroides were also increased in abundance in mice expressing a
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variant of human APP (APPswe [Tg2576]) compared to control mice, and administration
of B. fragilis promoted amyloid deposition in the APP/PS1 mice.%? Another study, this
time using 5xFAD mice, which model amyloidosis at an earlier time point than 3xTg-AD
mice, demonstrated increased relative abundance of Prevotella sp., Bacteroides
acidifaciens, and Turicibacter sp. in 5XFAD mice at 10 weeks of age. The 10 week time
point in 5XFAD mice and the 24 week time point in 3xTg-AD mice (where we observed
the first increase in B. acidifaciens) both represent development of amyloidosis in the
respective models. This may indicate that changes in relative abundance of certain
microbes is critical during the onset of amyloid-f3 exposure. These findings suggest the
potential for amyloidosis to alter microbial communities in the gut of mice modeling AD

amyloid-p plaques.

Bacteroides have also been observed as differentially abundant in human studies of
AD, though the association with health or disease are conflicting. In one study of
participants with AD and age-matched human controls, Vogt et al. demonstrated
increased relative abundance of Bacteroides in patients with AD. Interestingly, this
increase positively correlated with greater amyloid burden in the brain and CSF
phospho-tau, indicating a greater disease burden.® In another study, Haran and
colleagues also observed increased Bacteroides in patients with dementia compared to
age-matched controls.5® However, Zhuang et al. found that Bacteroides relative
abundance decreased in patients with AD.%3 Taken together, these findings in humans
support our findings in a mouse model, and suggests a role for gut-associated

Bacteroides in progression of AD pathologies.
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Mechanistically, species in the genus Bacteroides might influence neuroinflammatory
processes in the brain. Bacteroides fragilis produces an endotoxin, lipopolysaccharide,
that is unique to the species of Gram-negative bacteria (BF-LPS). BF-LPS may cross
the gut epithelium and enter the bloodstream, inducing systemic inflammation and
upregulation of pro-inflammatory cytokines via the NF-kB pathway.®* BF-LPS is
recognized by TLR-2, TLR-4, and CD41 microglial cells, potentially inciting microgliosis
in the brain. We are currently investigating the role of B. acidifaciens in the ecology of
the gut microbiota and hypothesize that it may also function as a keystone species and

influence neurological health status through the gut microbiome-brain axis.

The complexity of the host-microbe interactions in 3xTg-AD mice was demonstrated in
this study by the dynamic microbial communities and immune profiles. Our study
characterized the gut microbiota temporally in 3xTg-AD mice modeling amyloid-3
plagues and hyperphosphorylated tau to identify key changes in composition correlated
with disease pathogenesis. The present study shows upregulation of biomarkers for
microgliosis, astrogliosis, and intestinal inflammation. Analysis of the gut microbiome
demonstrated an altered gut microbiota composition associated with 3xTg-AD early in
life, including prior to pathology development, that is predictive of disease state. This is
the first study of its kind to characterize the gut microbiota at 25 time points, ranging
from pre-pathology to modeling of both amyloidosis and tauopathy. Additionally, it will
provide a reference for future studies to determine frequency of fecal sampling in

longitudinal gut microbiota analysis based on the well characterized evolving gut
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microbiota composition in the present study. It is critical for future studies on the role of
the gut microbiota-brain axis and AD to investigate multiple time points throughout
disease progression due to changes in the gut microbiome and inflammatory profile as
exemplified in the current study. Furthermore, focus on the functional microbiome
through a multi-omics approach is essential in better understanding host - microbe

interactions via the gut microbiota-brain axis in AD.

METHODS

Mouse Genotypes: 3xTg-AD (with overexpression of APP(Swe), PSEN1(M146V), and
MAPT(P301L) transgenes) and Wild Type (B6129F2/J; WT) breeders were purchased
from Jackson Laboratory (Bar Harbor, Maine). All mice included in this study were bred

in-house at the Biological Sciences Vivarium at Northern Arizona University.

Mouse colonies: All mouse experiments were approved by the Institutional Animal Use
and Care Committee of Northern Arizona University under protocol 18-016. Mice were
purchased from Jackson Laboratory (3xTg-AD, WT), and allowed seven days to
acclimate to the Animal Facility at Northern Arizona University. Mice were then
combined into harems, housed in a 12 hour light/dark cycle, and provided food and
water ad libitum. In-house bred mice were weaned at 21 days of age and female mice
of the same strain were separated and housed in cages of three to five mice for the
remainder of the animal study (n=88 total mice, n=57 3xTg-AD, n=31 WT). Weaned
female mice were given one week to acclimate and adjust to their new food prior to the

first sample collection.
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Genotyping: Ear punches were collected at 4 weeks from 3xTg-AD mice for
genotyping. DNA was extracted using the Qiagen Blood and Tissue kit (Qiagen, Hilden,
Germany). PCR was run with the KAPA mouse genotyping kit and Jackson Laboratory
approved primers for APPSwe and P301L transgenes. Amplicons were run on a 3%
agarose gel to confirm the presence of bands representing APP(Swe) and

MAPT(P301L) genes (ThermoFisher, Waltham, Massachusetts).

RT-gPCR: DNA and RNA were extracted in parallel from hippocampus and colon tissue
samples using the Qiagen AllPrep kit. We performed gDNA clean ups on RNA using the
Qiagen DNase Max kit . RNA was reverse transcribed using the Qiagen 2nd Strand
Synthesis Kit (Qiagen, Hilden, Germany). A custom gPCR assay from Qiagen including
various biomarkers for Th1/Th17 (il2, illbeta, il-6, il-8, ifn-gamma, tnf-alpha, il17a),
astrocyte reactivity (GFAP, STAT3, vimentin), M1/M2 macrophage
activation/microgliosis (ccl2, il1B, il4, argl, iINOS, cd206, il-10, and il-12),%566 and LPS-

induced neuroinflammation (NF-kB) were used.

Sample collection: Fecal samples were collected directly from each mouse fortnightly
starting at 4 weeks until sacrifice for longitudinal gut microbiota analysis. Mice were
euthanized with CO, at 8, 24, or 52 weeks. Gastrointestinal and brain samples were
collected in a sterile Class Il Biosafety Cabinet using sterile tools for each body site and
mouse. Sample sizes are as follows; 3xTg-AD (n = 6 at 8 weeks, n = 15 at 24 weeks, n

= 18 at 52 weeks) and WT (n = 10 at 8 weeks, n = 8 at 24 weeks, and n = 6 at 52
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weeks). Colon and hippocampus were harvested, immediately placed in RNAlater and

were stored at —80 °C until further processing.

Nucleic Acid Extraction and 16S rRNA gene sequencing: DNA and RNA were
extracted in parallel from feces using the MagMAX Pathogen RNA/DNA Kit from
ThermoFisher. Extractions were performed in a Class Il Biosafety Cabinet using
protocols adopted from eukaryotic cell culture to protect the samples from
contamination (i.e., decontaminate all materials with 70% EtOH to bring into the BSC,
double glove while in the BSC, and don single use PPE while working in the BSC).
Modifications to the protocol include the use of Lysing Matrix E tubes (MP Biomedical,
Irvine, California) for bacterial and fungal lysis. Both DNA and RNA were quantified
using a NanoDrop 2000. Quantified DNA from fecal samples was used for 16S rRNA
gene PCR. Using Earth Microbiome Project (EMP) primers (515F-806R), the V4 region
of the 16S rRNA gene was amplified. Each PCR reaction contained 2.5 pl of PCR buffer
(TaKaRa, 10x concentration, 1x final), 1 ul of the Golay barcode tagged forward primer
(10 uM concentration, 0.4 uM final), 1 ul of bovine serum albumin (Thermofisher, 20
mg/mL concentration, 0.56 mg/ul final), 2 pl of dNTP mix (TaKaRa, 2.5 mM
concentration, 200 uM final), 0.125 ul of HotStart ExTaq (TaKaRa, 5 U/ul, 0.625 U/ul
final), 1 pL reverse primer (10 uM concentration, 0.4uM final), and 1 yL of template
DNA. All PCR reactions were filled to a total 25 pL with UltraPure DNase, Rnase free
water (Invitrogen), then placed on a ThermalCycler. ThermalCycler conditions were as
follows, 98°C denaturing step for 2 minutes, 30 cycles of 98°C for 20 seconds, 50°C for

30 seconds, and 72°C for 45 seconds, a final step of 72°C for 10 minutes. PCR was
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performed in a decontaminated PCR hood and consumables were decontaminated with
70% ethanol to bring into the hood, then exposed to UV light to prevent sample
contamination. PCR was performed in triplicate and an additional negative control was
included for each barcoded primer. 16S rRNA gene bands were visualized using a 3%
agarose gel (ThermoFisher, Waltham, Massachusetts). Amplicons were quantified
using fluorometry and pooled at equimolar ratios. Quality of the pool was assessed with
the Bioanalyzer DNA 1000 chip (Agilent Technologies, Santa Clara, California) then
combined with 1% PhiX for sequencing. A total of 4 pools were sequenced on the
lllumina MiSeq using the 600-cycle MiSeq Reagent Kit V3 (Illumina, San Diego,
California). Each pool contained mock communities and samples that overlapped over
each sequencing run to identify potential sequencing bias. All sequencing was done on

the lllumina MiSeq benchtop sequencing platform.

Bioinformatics Analysis: Microbiome bioinformatics were performed with QIIME 2
version 2021.2. A manifest of all commands used can be found in the supplemental
information (Supplemental File 1). q2-DADA2 was used for sequence quality control

and generation of amplicon sequence variants (ASVs) to provide the highest taxonomic
specificity.®” A phylogenetic tree was created using g2-fragment-insertion, which applies
the SEPP algorithm, inserting short sequences into a reliable tree generated from a
database of full-length sequences.®® Taxonomy was assigned to reads using g2-feature-
classifier and the Greengenes reference database, version 13_8.5869 Alpha diversity,
including Faith’s Phylogenetic Diversity,”® Shannon Diversity Index,’* and Observed

ASVs were computed with g2-diversity’°. Beta diversity (community dissimilarity)
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metrics were computed with g2-diversity, including Bray-Curtis dissimilarity, Jaccard
dissimilarity, weighted UniFrac,’%"2 and unweighted UniFrac” distances. Longitudinal
analysis was performed with g2-longitudinal to assess temporal changes in bacterial
communities.” Group comparisons of alpha diversity were performed with non-
parametric Wilcoxon tests, and group comparisons of beta diversity were performed
with non-parametric PERMANOVA™>. ASVs and taxa that were differentially abundant
across mouse strains were identified using ANCOM.’® All P-values were corrected for
multiple comparisons using the Benjamini-Hochberg False Discovery Rate correction.
The Random Forest model sample classification was performed to predict mouse

genotype using gut microbiome ASVs with q2-sample classifier.””

Statistical Analysis: Fold changes were calculated using 2-2¢1.78 Group comparisons

of strain-age were performed with non-parametric Mann-Whitney. Violin plots were

created using Prism-GraphPad version 9.1.1 (225).

Data availability. All raw sequence files and metadata can be accessed on NCBI’'s

Sequence Read Archive under Project [to be provided upon acceptance].
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Table S1: gPCR gene biomarkers included in the custom

RT-gPCR assay

Marker types

Genes

Th1/Th1l7

astrocyte reactivity

M1/M2 macrophage
activation/microgliosis

LPS-induced
neuroinflammation

i12, illbeta, il-6, il-8, ifn-gamma,
tnf-alpha, il17a

GFAP, STATS3, vimentin

ccl2, il1B, il4, arg1, INOS, cd206,
iI-10, and il-12

NF-kB
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Figure S1: Faith’s Phylogenetic Diversity in 8, 24, and 52 week 3xTg-AD and WT mice.

3xTg-AD mice demonstrate a non-significant trend towards lower Faith’s Phylogenetic

Diversity. A) 3xTg-AD and WT mice at 8 weeks (p-value = 0.098, Wilcoxon) B) 3xTg-AD

and WT mice at 24 weeks (p-value = 0.63, Wilcoxon) C) 3xTg-AD and WT mice at 52

weeks (p-value = 0.17, Wilcoxon)
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Figure S2: Jaccard dissimilarity metric and Unweighted Unifrac PCoA 1 plotted against

time of 3xTg-AD and WT mice from 4 to 52 weeks demonstrate distinct gut microbiota

compositions in early life in 3xTg-AD mice compared to WT mice. A) PCoA of Jaccard



dissimilarity metric, with key timepoints in pathology progression plotted as a PCoA 1
plotted against time (baseline: 8 weeks, amyloidosis: 24 weeks, tauopathy: 52 weeks).
This demonstrates distinct gut microbiota compositions between 3xTg-AD and WT mice
at 8 (PERMANOVA, p=0.001, f-statistic=5.56398) and 24 (PERMANOVA, p=0.025, f-
statistic=1.38129) weeks of age, but not at 52 (PERMANOVA, p=0.054, f-
statistic=1.33127) weeks of age B) PCoA of Unweighted UniFrac distance metric, with
key timepoints in pathology progression plotted as a PCoA 1 plotted against time. This
demonstrates distinct gut microbiota compositions between 3xTg-AD and WT mice at 8
(PERMANOVA, p=0.001, f-statistic=7.99616) and 24 (PERMANOVA, p=0.043, f-
statistic=1.61199) weeks of age, but not at 52 (PERMANOVA, p=0.065, f-

statistic=1.45748) weeks of age.
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Figure S3: Beta-diversity metrics of 3xTg-AD and WT mice from 4 to 52 weeks of age

and at 8, 24, and 52 weeks when comparing mouse strain. A) Bray-Curtis Axis 1

Volatility Plot from 4 to 52 weeks of age shows distinct gut microbiota compositions of

3xTg-AD and WT mice until 24 weeks of age. B) Weighted Unifrac Axis 1 Volatility Plot

from 4 to 52 weeks of age. C) Bray-Curtis PCoA 1 plotted against time demonstrates

distinct gut microbiota compositions between 3xTg-AD and WT mice at 8

(PERMANOVA, p=0.001, f-statistic=10.1743) and 24 (PERMANOVA, p=0.016, f-

statistic=1.98555) weeks of age, but not at 52 (PERMANOVA, p=0.508, f-

statistic=0.90456) weeks of age. D) Weighted Unifrac PCoA 1 plotted against time

demonstrates distinct gut microbiota compositions between 3xTg-AD and WT mice at 8

(PERMANOVA, p=0.03, f-statistic=3.10426) , but not at 24 (PERMANOVA, p=0.566, f-
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statistic=0.717805) and 52 (PERMANOVA, p=0.066) weeks of age.

Table S2: Differential abundance between 3xTg-AD and WT mice using
Analysis of Composition of Microbiomes (ANCOM) at 8 weeks of age
collapsed at genus level. W represents the number of features that the

taxa is more abundant than.

Features Collapsed at Genus Level W Week
Bacteroides 57 8
Akkermansia 56 8
Turicibacter 56 8
Sutterella 53 8
Anaerostipes 53 8
F. Coriobacteriaceae 11 52
F. Mogibacteriaceae 9 52
Adlecreutzia 7 52
O. RF39 6 52
Prevotella 6 52
F. Erysipelotrichaceae 6 52
O. Streptophyta 6 52
Clostridium 5 52
Akkermansia 5 52
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Bacillus 5 52

REFERENCES
1. Thursby, E. & Juge, N. Introduction to the human gut microbiota. Biochemical
Journal vol. 474 1823-1836 (2017).
2.Kho, Z. Y. & Lal, S. K. The Human Gut Microbiome — A Potential Controller of
Wellness and Disease. Frontiers in Microbiology vol. 9 (2018).
3. Mariat, D. et al. The Firmicutes/Bacteroidetes ratio of the human microbiota
changes with age. BMC Microbiol. 9, 123 (2009).
4. Lathrop, S. K. et al. Peripheral education of the immune system by colonic
commensal microbiota. Nature 478, 250-254 (2011).
5. Oliphant, K. & Allen-Vercoe, E. Macronutrient metabolism by the human gut
microbiome: major fermentation by-products and their impact on host health.
Microbiome 7, 91 (2019).
6. Jandhyala, S. M. Role of the normal gut microbiota. World Journal of
Gastroenterology vol. 21 8787 (2015).
7.McDonald, D. et al. American Gut: an Open Platform for Citizen Science
Microbiome Research. mSystems 3, (2018).
8. Turnbaugh, P. J. et al. An obesity-associated gut microbiome with increased
capacity for energy harvest. Nature 444, 1027-1031 (2006).
9. Alkanani, A. K. et al. Alterations in Intestinal Microbiota Correlate With

Susceptibility to Type 1 Diabetes. Diabetes 64, 3510-3520 (2015).

93


http://paperpile.com/b/kxNKze/cqjv8
http://paperpile.com/b/kxNKze/cqjv8
http://paperpile.com/b/kxNKze/cqjv8
http://paperpile.com/b/kxNKze/cqjv8
http://paperpile.com/b/kxNKze/IoLK
http://paperpile.com/b/kxNKze/IoLK
http://paperpile.com/b/kxNKze/IoLK
http://paperpile.com/b/kxNKze/IoLK
http://paperpile.com/b/kxNKze/hsXg
http://paperpile.com/b/kxNKze/hsXg
http://paperpile.com/b/kxNKze/hsXg
http://paperpile.com/b/kxNKze/hsXg
http://paperpile.com/b/kxNKze/hsXg
http://paperpile.com/b/kxNKze/hsXg
http://paperpile.com/b/kxNKze/hsXg
http://paperpile.com/b/kxNKze/hsXg
http://paperpile.com/b/kxNKze/CBdc
http://paperpile.com/b/kxNKze/CBdc
http://paperpile.com/b/kxNKze/CBdc
http://paperpile.com/b/kxNKze/CBdc
http://paperpile.com/b/kxNKze/CBdc
http://paperpile.com/b/kxNKze/CBdc
http://paperpile.com/b/kxNKze/CBdc
http://paperpile.com/b/kxNKze/CBdc
http://paperpile.com/b/kxNKze/Qd3V
http://paperpile.com/b/kxNKze/Qd3V
http://paperpile.com/b/kxNKze/Qd3V
http://paperpile.com/b/kxNKze/Qd3V
http://paperpile.com/b/kxNKze/Qd3V
http://paperpile.com/b/kxNKze/Qd3V
http://paperpile.com/b/kxNKze/RZDy4
http://paperpile.com/b/kxNKze/RZDy4
http://paperpile.com/b/kxNKze/RZDy4
http://paperpile.com/b/kxNKze/RZDy4
http://paperpile.com/b/kxNKze/pytw
http://paperpile.com/b/kxNKze/pytw
http://paperpile.com/b/kxNKze/pytw
http://paperpile.com/b/kxNKze/pytw
http://paperpile.com/b/kxNKze/pytw
http://paperpile.com/b/kxNKze/pytw
http://paperpile.com/b/kxNKze/pytw
http://paperpile.com/b/kxNKze/pytw
http://paperpile.com/b/kxNKze/X6H9
http://paperpile.com/b/kxNKze/X6H9
http://paperpile.com/b/kxNKze/X6H9
http://paperpile.com/b/kxNKze/X6H9
http://paperpile.com/b/kxNKze/X6H9
http://paperpile.com/b/kxNKze/X6H9
http://paperpile.com/b/kxNKze/X6H9
http://paperpile.com/b/kxNKze/X6H9
http://paperpile.com/b/kxNKze/aCN3
http://paperpile.com/b/kxNKze/aCN3
http://paperpile.com/b/kxNKze/aCN3
http://paperpile.com/b/kxNKze/aCN3
http://paperpile.com/b/kxNKze/aCN3
http://paperpile.com/b/kxNKze/aCN3
http://paperpile.com/b/kxNKze/aCN3
http://paperpile.com/b/kxNKze/aCN3

10. Teo, S. M. et al. The infant nasopharyngeal microbiome impacts severity
of lower respiratory infection and risk of asthma development. Cell Host Microbe
17, 704-715 (2015).

11. Rinninella, E. et al. What is the Healthy Gut Microbiota Composition? A
Changing Ecosystem across Age, Environment, Diet, and Diseases.
Microorganisms 7, (2019).

12. Xu, C., Zhu, H. & Qiu, P. Aging progression of human gut microbiota.
BMC Microbiol. 19, 236 (2019).

13. Greenblum, S., Turnbaugh, P. J. & Borenstein, E. Metagenomic systems
biology of the human gut microbiome reveals topological shifts associated with
obesity and inflammatory bowel disease. Proc. Natl. Acad. Sci. U. S. A. 109, 594—
599 (2012).

14. Kang, D.-W. et al. Long-term benefit of Microbiota Transfer Therapy on
autism symptoms and gut microbiota. Sci. Rep. 9, 5821 (2019).

15. Hill-Burns, E. M. et al. Parkinson’s disease and Parkinson's disease
medications have distinct signatures of the gut microbiome. Mov. Disord. 32, 739—
749 (2017).

16. Vogt, N. M. et al. Gut microbiome alterations in Alzheimer’s disease. Sci.
Rep. 7, (2017).

17. Martin, C. R., Osadchiy, V., Kalani, A. & Mayer, E. A. The Brain-Gut-
Microbiome Axis. Cell Mol Gastroenterol Hepatol 6, 133-148 (2018).

18. Carabotti, M., Scirocco, A., Maselli, M. A. & Severi, C. The gut-brain axis:

interactions between enteric microbiota, central and enteric nervous systems. Ann.

94


http://paperpile.com/b/kxNKze/wV7i
http://paperpile.com/b/kxNKze/wV7i
http://paperpile.com/b/kxNKze/wV7i
http://paperpile.com/b/kxNKze/wV7i
http://paperpile.com/b/kxNKze/wV7i
http://paperpile.com/b/kxNKze/wV7i
http://paperpile.com/b/kxNKze/wV7i
http://paperpile.com/b/kxNKze/wV7i
http://paperpile.com/b/kxNKze/wV7i
http://paperpile.com/b/kxNKze/Iypp
http://paperpile.com/b/kxNKze/Iypp
http://paperpile.com/b/kxNKze/Iypp
http://paperpile.com/b/kxNKze/Iypp
http://paperpile.com/b/kxNKze/Iypp
http://paperpile.com/b/kxNKze/Iypp
http://paperpile.com/b/kxNKze/Iypp
http://paperpile.com/b/kxNKze/Iypp
http://paperpile.com/b/kxNKze/rhHd
http://paperpile.com/b/kxNKze/rhHd
http://paperpile.com/b/kxNKze/rhHd
http://paperpile.com/b/kxNKze/rhHd
http://paperpile.com/b/kxNKze/rhHd
http://paperpile.com/b/kxNKze/rhHd
http://paperpile.com/b/kxNKze/hY3p
http://paperpile.com/b/kxNKze/hY3p
http://paperpile.com/b/kxNKze/hY3p
http://paperpile.com/b/kxNKze/hY3p
http://paperpile.com/b/kxNKze/hY3p
http://paperpile.com/b/kxNKze/hY3p
http://paperpile.com/b/kxNKze/hY3p
http://paperpile.com/b/kxNKze/hY3p
http://paperpile.com/b/kxNKze/skEl
http://paperpile.com/b/kxNKze/skEl
http://paperpile.com/b/kxNKze/skEl
http://paperpile.com/b/kxNKze/skEl
http://paperpile.com/b/kxNKze/skEl
http://paperpile.com/b/kxNKze/skEl
http://paperpile.com/b/kxNKze/skEl
http://paperpile.com/b/kxNKze/skEl
http://paperpile.com/b/kxNKze/05uL
http://paperpile.com/b/kxNKze/05uL
http://paperpile.com/b/kxNKze/05uL
http://paperpile.com/b/kxNKze/05uL
http://paperpile.com/b/kxNKze/05uL
http://paperpile.com/b/kxNKze/05uL
http://paperpile.com/b/kxNKze/05uL
http://paperpile.com/b/kxNKze/05uL
http://paperpile.com/b/kxNKze/05uL
http://paperpile.com/b/kxNKze/GCwV
http://paperpile.com/b/kxNKze/GCwV
http://paperpile.com/b/kxNKze/GCwV
http://paperpile.com/b/kxNKze/GCwV
http://paperpile.com/b/kxNKze/GCwV
http://paperpile.com/b/kxNKze/GCwV
http://paperpile.com/b/kxNKze/GCwV
http://paperpile.com/b/kxNKze/GCwV
http://paperpile.com/b/kxNKze/ALAY
http://paperpile.com/b/kxNKze/ALAY
http://paperpile.com/b/kxNKze/ALAY
http://paperpile.com/b/kxNKze/ALAY
http://paperpile.com/b/kxNKze/ALAY
http://paperpile.com/b/kxNKze/ALAY
http://paperpile.com/b/kxNKze/B1gI
http://paperpile.com/b/kxNKze/B1gI
http://paperpile.com/b/kxNKze/B1gI

Gastroenterol. Hepatol. 28, 203-209 (2015).

19. Sochocka, M. et al. The Gut Microbiome Alterations and Inflammation-
Driven Pathogenesis of Alzheimer’s Disease—a Critical Review. Molecular
Neurobiology vol. 56 1841-1851 (2019).

20. Sudo, N. Role of gut microbiota in brain function and stress-related
pathology. Biosci Microbiota Food Health 38, 75-80 (2019).

21. Collins, S. M. Interrogating the Gut-Brain Axis in the Context of
Inflammatory Bowel Disease: A Translational Approach. Inflamm. Bowel Dis. 26,
493-501 (2020).

22. Sinagra, E. et al. Microbiota-gut-brain axis and its affect inflammatory
bowel disease: Pathophysiological concepts and insights for clinicians. World J Clin
Cases 8, 1013-1025 (2020).

23. Bullich, C., Keshavarzian, A., Garssen, J., Kraneveld, A. & Perez-Pardo,
P. Gut Vibes in Parkinson’s Disease: The Microbiota-Gut-Brain Axis. Movement
Disorders Clinical Practice vol. 6 639-651 (2019).

24. Kowalski, K. & Mulak, A. Brain-Gut-Microbiota Axis in Alzheimer’s
Disease. Journal of Neurogastroenterology and Matility vol. 25 48—60 (2019).

25. Srikantha, P. & Mohajeri, M. H. The Possible Role of the Microbiota-Gut-
Brain-Axis in Autism Spectrum Disorder. Int. J. Mol. Sci. 20, (2019).

26. Camara-Lemarroy, C. R., Metz, L. M. & Yong, V. W. Focus on the gut-
brain axis: Multiple sclerosis, the intestinal barrier and the microbiome. World J.
Gastroenterol. 24, 4217-4223 (2018).

27. Li, X.-L., Hu, N., Tan, M.-S_, Yu, J.-T. & Tan, L. Behavioral and

95


http://paperpile.com/b/kxNKze/B1gI
http://paperpile.com/b/kxNKze/B1gI
http://paperpile.com/b/kxNKze/B1gI
http://paperpile.com/b/kxNKze/B1gI
http://paperpile.com/b/kxNKze/uyqr
http://paperpile.com/b/kxNKze/uyqr
http://paperpile.com/b/kxNKze/uyqr
http://paperpile.com/b/kxNKze/uyqr
http://paperpile.com/b/kxNKze/uyqr
http://paperpile.com/b/kxNKze/uyqr
http://paperpile.com/b/kxNKze/uyqr
http://paperpile.com/b/kxNKze/GOeR
http://paperpile.com/b/kxNKze/GOeR
http://paperpile.com/b/kxNKze/GOeR
http://paperpile.com/b/kxNKze/GOeR
http://paperpile.com/b/kxNKze/GOeR
http://paperpile.com/b/kxNKze/GOeR
http://paperpile.com/b/kxNKze/PIRG
http://paperpile.com/b/kxNKze/PIRG
http://paperpile.com/b/kxNKze/PIRG
http://paperpile.com/b/kxNKze/PIRG
http://paperpile.com/b/kxNKze/PIRG
http://paperpile.com/b/kxNKze/PIRG
http://paperpile.com/b/kxNKze/PIRG
http://paperpile.com/b/kxNKze/XUO3
http://paperpile.com/b/kxNKze/XUO3
http://paperpile.com/b/kxNKze/XUO3
http://paperpile.com/b/kxNKze/XUO3
http://paperpile.com/b/kxNKze/XUO3
http://paperpile.com/b/kxNKze/XUO3
http://paperpile.com/b/kxNKze/XUO3
http://paperpile.com/b/kxNKze/XUO3
http://paperpile.com/b/kxNKze/XUO3
http://paperpile.com/b/kxNKze/wF5z
http://paperpile.com/b/kxNKze/wF5z
http://paperpile.com/b/kxNKze/wF5z
http://paperpile.com/b/kxNKze/wF5z
http://paperpile.com/b/kxNKze/wF5z
http://paperpile.com/b/kxNKze/MCWi
http://paperpile.com/b/kxNKze/MCWi
http://paperpile.com/b/kxNKze/MCWi
http://paperpile.com/b/kxNKze/MCWi
http://paperpile.com/b/kxNKze/vO7s
http://paperpile.com/b/kxNKze/vO7s
http://paperpile.com/b/kxNKze/vO7s
http://paperpile.com/b/kxNKze/vO7s
http://paperpile.com/b/kxNKze/vO7s
http://paperpile.com/b/kxNKze/vO7s
http://paperpile.com/b/kxNKze/ybeA
http://paperpile.com/b/kxNKze/ybeA
http://paperpile.com/b/kxNKze/ybeA
http://paperpile.com/b/kxNKze/ybeA
http://paperpile.com/b/kxNKze/ybeA
http://paperpile.com/b/kxNKze/ybeA
http://paperpile.com/b/kxNKze/ybeA
http://paperpile.com/b/kxNKze/9rkY

psychological symptoms in Alzheimer’s disease. Biomed Res. Int. 2014, 927804
(2014).

28. 2020 Alzheimer’s disease facts and figures. Alzheimers. Dement. (2020)
doi:10.1002/alz.12068.

29. Elmaleh, D. R. et al. Developing Effective Alzheimer’s Disease Therapies:
Clinical Experience and Future Directions. Journal of Alzheimer’s Disease vol. 71
715-732 (2019).

30. Ricciarelli, R. & Fedele, E. The Amyloid Cascade Hypothesis in
Alzheimer’s Disease: It's Time to Change Our Mind. Current Neuropharmacology
vol. 15 (2017).

31. Kinney, J. W. et al. Inflammation as a central mechanism in Alzheimer’s
disease. Alzheimers. Dement. 4, 575-590 (2018).

32. Hemonnot, A.-L., Hua, J., Ulmann, L. & Hirbec, H. Microglia in Alzheimer
Disease: Well-Known Targets and New Opportunities. Front. Aging Neurosci. 11,
233 (2019).

33. Gonzalez-Reyes, R. E., Nava-Mesa, M. O., Vargas-Sanchez, K., Ariza-
Salamanca, D. & Mora-Mufoz, L. Involvement of Astrocytes in Alzheimer’'s Disease
from a Neuroinflammatory and Oxidative Stress Perspective. Frontiers in Molecular
Neuroscience vol. 10 (2017).

34. C. Y. Daniel Lee, G. E. L. The role of microglia in amyloid clearance from
the AD brain. J. Neural Transm. 117, 949 (2010).

35. Cerovic, M., Forloni, G. & Balducci, C. Neuroinflammation and the Gut

Microbiota: Possible Alternative Therapeutic Targets to Counteract Alzheimer’s

96


http://paperpile.com/b/kxNKze/9rkY
http://paperpile.com/b/kxNKze/9rkY
http://paperpile.com/b/kxNKze/9rkY
http://paperpile.com/b/kxNKze/9rkY
http://paperpile.com/b/kxNKze/9rkY
http://paperpile.com/b/kxNKze/9rkY
http://paperpile.com/b/kxNKze/RXVx
http://paperpile.com/b/kxNKze/RXVx
http://paperpile.com/b/kxNKze/RXVx
http://paperpile.com/b/kxNKze/RXVx
http://dx.doi.org/10.1002/alz.12068
http://paperpile.com/b/kxNKze/RXVx
http://paperpile.com/b/kxNKze/iHf5
http://paperpile.com/b/kxNKze/iHf5
http://paperpile.com/b/kxNKze/iHf5
http://paperpile.com/b/kxNKze/iHf5
http://paperpile.com/b/kxNKze/iHf5
http://paperpile.com/b/kxNKze/iHf5
http://paperpile.com/b/kxNKze/iHf5
http://paperpile.com/b/kxNKze/mIvW
http://paperpile.com/b/kxNKze/mIvW
http://paperpile.com/b/kxNKze/mIvW
http://paperpile.com/b/kxNKze/mIvW
http://paperpile.com/b/kxNKze/mIvW
http://paperpile.com/b/kxNKze/eVSP
http://paperpile.com/b/kxNKze/eVSP
http://paperpile.com/b/kxNKze/eVSP
http://paperpile.com/b/kxNKze/eVSP
http://paperpile.com/b/kxNKze/eVSP
http://paperpile.com/b/kxNKze/eVSP
http://paperpile.com/b/kxNKze/eVSP
http://paperpile.com/b/kxNKze/eVSP
http://paperpile.com/b/kxNKze/5MZe
http://paperpile.com/b/kxNKze/5MZe
http://paperpile.com/b/kxNKze/5MZe
http://paperpile.com/b/kxNKze/5MZe
http://paperpile.com/b/kxNKze/5MZe
http://paperpile.com/b/kxNKze/5MZe
http://paperpile.com/b/kxNKze/5MZe
http://paperpile.com/b/kxNKze/qaKg
http://paperpile.com/b/kxNKze/qaKg
http://paperpile.com/b/kxNKze/qaKg
http://paperpile.com/b/kxNKze/qaKg
http://paperpile.com/b/kxNKze/qaKg
http://paperpile.com/b/kxNKze/qaKg
http://paperpile.com/b/kxNKze/psxw
http://paperpile.com/b/kxNKze/psxw
http://paperpile.com/b/kxNKze/psxw
http://paperpile.com/b/kxNKze/psxw
http://paperpile.com/b/kxNKze/psxw
http://paperpile.com/b/kxNKze/psxw
http://paperpile.com/b/kxNKze/T1e6
http://paperpile.com/b/kxNKze/T1e6

Disease? Front. Aging Neurosci. 11, (2019).

36. Scheuner, D. et al. Secreted amyloid B—protein similar to that in the senile
plaques of Alzheimer’s disease is increased in vivo by the presenilin 1 and 2 and
APP mutations linked to familial Alzheimer's disease. Nature Medicine vol. 2 864—
870 (1996).

37. Barghorn, S. et al. Structure, microtubule interactions, and paired helical
filament aggregation by tau mutants of frontotemporal dementias. Biochemistry 39,
11714-11721 (2000).

38. Triple-Transgenic Model of Alzheimer’'s Disease with Plaques and
Tangles: Intracellular AB and Synaptic Dysfunction. Neuron 39, 409-421 (2003).
39. Caruso, D. et al. Age-related changes in neuroactive steroid levels in
3xTg-AD mice. Neurobiol. Aging 34, 1080-1089 (2013).

40. Oh, K.-J. et al. Staging of Alzheimer’s Pathology in Triple Transgenic
Mice: A Light and Electron Microscopic Analysis. International Journal of
Alzheimer’s Disease vol. 2010 1-24 (2010).

41. Sanguinetti, E. et al. Microbiome-metabolome signatures in mice
genetically prone to develop dementia, fed a normal or fatty diet. Sci. Rep. 8, 4907
(2018).

42. Bello-Medina, P. C. et al. Spatial Memory and Gut Microbiota Alterations
Are Already Present in Early Adulthood in a Pre-clinical Transgenic Model of
Alzheimer’s Disease. Frontiers in Neuroscience vol. 15 (2021).

43. Chen, C. et al. Gut dysbiosis contributes to amyloid pathology, associated

with C/EBPB/AEP signaling activation in Alzheimer’'s disease mouse model.

97


http://paperpile.com/b/kxNKze/T1e6
http://paperpile.com/b/kxNKze/T1e6
http://paperpile.com/b/kxNKze/T1e6
http://paperpile.com/b/kxNKze/T1e6
http://paperpile.com/b/kxNKze/T1e6
http://paperpile.com/b/kxNKze/6gXx
http://paperpile.com/b/kxNKze/6gXx
http://paperpile.com/b/kxNKze/6gXx
http://paperpile.com/b/kxNKze/6gXx
http://paperpile.com/b/kxNKze/6gXx
http://paperpile.com/b/kxNKze/6gXx
http://paperpile.com/b/kxNKze/6gXx
http://paperpile.com/b/kxNKze/6gXx
http://paperpile.com/b/kxNKze/f8QC
http://paperpile.com/b/kxNKze/f8QC
http://paperpile.com/b/kxNKze/f8QC
http://paperpile.com/b/kxNKze/f8QC
http://paperpile.com/b/kxNKze/f8QC
http://paperpile.com/b/kxNKze/f8QC
http://paperpile.com/b/kxNKze/f8QC
http://paperpile.com/b/kxNKze/f8QC
http://paperpile.com/b/kxNKze/f8QC
http://paperpile.com/b/kxNKze/aRJA
http://paperpile.com/b/kxNKze/aRJA
http://paperpile.com/b/kxNKze/aRJA
http://paperpile.com/b/kxNKze/aRJA
http://paperpile.com/b/kxNKze/aRJA
http://paperpile.com/b/kxNKze/aRJA
http://paperpile.com/b/kxNKze/UFTt
http://paperpile.com/b/kxNKze/UFTt
http://paperpile.com/b/kxNKze/UFTt
http://paperpile.com/b/kxNKze/UFTt
http://paperpile.com/b/kxNKze/UFTt
http://paperpile.com/b/kxNKze/UFTt
http://paperpile.com/b/kxNKze/UFTt
http://paperpile.com/b/kxNKze/UFTt
http://paperpile.com/b/kxNKze/y5IlO
http://paperpile.com/b/kxNKze/y5IlO
http://paperpile.com/b/kxNKze/y5IlO
http://paperpile.com/b/kxNKze/y5IlO
http://paperpile.com/b/kxNKze/y5IlO
http://paperpile.com/b/kxNKze/y5IlO
http://paperpile.com/b/kxNKze/y5IlO
http://paperpile.com/b/kxNKze/qtIC
http://paperpile.com/b/kxNKze/qtIC
http://paperpile.com/b/kxNKze/qtIC
http://paperpile.com/b/kxNKze/qtIC
http://paperpile.com/b/kxNKze/qtIC
http://paperpile.com/b/kxNKze/qtIC
http://paperpile.com/b/kxNKze/qtIC
http://paperpile.com/b/kxNKze/qtIC
http://paperpile.com/b/kxNKze/qtIC
http://paperpile.com/b/kxNKze/UukD
http://paperpile.com/b/kxNKze/UukD
http://paperpile.com/b/kxNKze/UukD
http://paperpile.com/b/kxNKze/UukD
http://paperpile.com/b/kxNKze/UukD
http://paperpile.com/b/kxNKze/UukD
http://paperpile.com/b/kxNKze/UukD
http://paperpile.com/b/kxNKze/7teU
http://paperpile.com/b/kxNKze/7teU
http://paperpile.com/b/kxNKze/7teU
http://paperpile.com/b/kxNKze/7teU

Science Advances 6, eaba0466 (2020).

44, Bonfili, L. et al. Microbiota modulation counteracts Alzheimer’s disease
progression influencing neuronal proteolysis and gut hormones plasma levels. Sci.
Rep. 7, 2426 (2017).

45, Transplantation of gut microbiota derived from Alzheimer’s disease mouse
model impairs memory function and neurogenesis in C57BL/6 mice. Brain Behav.
Immun. 98, 357-365 (2021).

46. Zaheer, S. et al. Enhanced expression of glia maturation factor correlates
with glial activation in the brain of triple transgenic Alzheimer’s disease mice.
Neurochem. Res. 38, 218 (2013).

47. Rosenbaum, C. et al. Activation of Myenteric Glia during Acute
Inflammation In Vitro and In Vivo. PLoS One 11, (2016).

48. Chatterjee, P. et al. Plasma glial fibrillary acidic protein is elevated in
cognitively normal older adults at risk of Alzheimer’s disease. Transl. Psychiatry 11,
1-10 (2021).

49. Oddo, S. et al. Triple-transgenic model of Alzheimer’s disease with
plaques and tangles: intracellular Abeta and synaptic dysfunction. Neuron 39,
(2003).

50. Sarkar, A., Yoo, J. Y., Dutra, S. V. O., Morgan, K. H. & Groer, M. The
Association between Early-Life Gut Microbiota and Long-Term Health and
Diseases. J. Clin. Med. Res. 10, (2021).

51. Huang, Y. et al. Possible association of Firmicutes in the gut microbiota of

patients with major depressive disorder. Neuropsychiatr. Dis. Treat. 14, 3329-3337

98


http://paperpile.com/b/kxNKze/7teU
http://paperpile.com/b/kxNKze/7teU
http://paperpile.com/b/kxNKze/7teU
http://paperpile.com/b/kxNKze/7teU
http://paperpile.com/b/kxNKze/UBWL
http://paperpile.com/b/kxNKze/UBWL
http://paperpile.com/b/kxNKze/UBWL
http://paperpile.com/b/kxNKze/UBWL
http://paperpile.com/b/kxNKze/UBWL
http://paperpile.com/b/kxNKze/UBWL
http://paperpile.com/b/kxNKze/UBWL
http://paperpile.com/b/kxNKze/UBWL
http://paperpile.com/b/kxNKze/UBWL
http://paperpile.com/b/kxNKze/Wufl
http://paperpile.com/b/kxNKze/Wufl
http://paperpile.com/b/kxNKze/Wufl
http://paperpile.com/b/kxNKze/Wufl
http://paperpile.com/b/kxNKze/Wufl
http://paperpile.com/b/kxNKze/Wufl
http://paperpile.com/b/kxNKze/Wufl
http://paperpile.com/b/kxNKze/yRnX
http://paperpile.com/b/kxNKze/yRnX
http://paperpile.com/b/kxNKze/yRnX
http://paperpile.com/b/kxNKze/yRnX
http://paperpile.com/b/kxNKze/yRnX
http://paperpile.com/b/kxNKze/yRnX
http://paperpile.com/b/kxNKze/yRnX
http://paperpile.com/b/kxNKze/yRnX
http://paperpile.com/b/kxNKze/gezx
http://paperpile.com/b/kxNKze/gezx
http://paperpile.com/b/kxNKze/gezx
http://paperpile.com/b/kxNKze/gezx
http://paperpile.com/b/kxNKze/gezx
http://paperpile.com/b/kxNKze/gezx
http://paperpile.com/b/kxNKze/gezx
http://paperpile.com/b/kxNKze/gezx
http://paperpile.com/b/kxNKze/4aUg
http://paperpile.com/b/kxNKze/4aUg
http://paperpile.com/b/kxNKze/4aUg
http://paperpile.com/b/kxNKze/4aUg
http://paperpile.com/b/kxNKze/4aUg
http://paperpile.com/b/kxNKze/4aUg
http://paperpile.com/b/kxNKze/4aUg
http://paperpile.com/b/kxNKze/4aUg
http://paperpile.com/b/kxNKze/4aUg
http://paperpile.com/b/kxNKze/le8i
http://paperpile.com/b/kxNKze/le8i
http://paperpile.com/b/kxNKze/le8i
http://paperpile.com/b/kxNKze/le8i
http://paperpile.com/b/kxNKze/le8i
http://paperpile.com/b/kxNKze/le8i
http://paperpile.com/b/kxNKze/le8i
http://paperpile.com/b/kxNKze/le8i
http://paperpile.com/b/kxNKze/le8i
http://paperpile.com/b/kxNKze/0Yu3
http://paperpile.com/b/kxNKze/0Yu3
http://paperpile.com/b/kxNKze/0Yu3
http://paperpile.com/b/kxNKze/0Yu3
http://paperpile.com/b/kxNKze/0Yu3
http://paperpile.com/b/kxNKze/0Yu3
http://paperpile.com/b/kxNKze/0Yu3
http://paperpile.com/b/kxNKze/p67l
http://paperpile.com/b/kxNKze/p67l
http://paperpile.com/b/kxNKze/p67l
http://paperpile.com/b/kxNKze/p67l
http://paperpile.com/b/kxNKze/p67l
http://paperpile.com/b/kxNKze/p67l
http://paperpile.com/b/kxNKze/p67l
http://paperpile.com/b/kxNKze/p67l

(2018).

52. Chen, Z. et al. Gut Microbial Profile Is Associated With the Severity of
Social Impairment and IQ Performance in Children With Autism Spectrum Disorder.
Front. Psychiatry 12, 789864 (2021).

53. Kenna, J. E. et al. Changes in the Gut Microbiome and Predicted
Functional Metabolic Effects in an Australian Parkinson’s Disease Cohort. Front.
Neurosci. 0, (2021).

54. Ling, Z. et al. Structural and Functional Dysbiosis of Fecal Microbiota in
Chinese Patients With Alzheimer’s Disease. Front Cell Dev Biol 8, 634069 (2020).
55. Haran, J. P. et al. Alzheimer’s Disease Microbiome Is Associated with
Dysregulation of the Anti-Inflammatory P-Glycoprotein Pathway. MBio 10, (2019).
56. Seregin, S. S. et al. NLRP6 protects IL10-/- mice from colitis by limiting
colonization of Akkermansia muciniphila. Cell Rep. 19, 733 (2017).

57. Fung, T. C. et al. Intestinal serotonin and fluoxetine exposure modulate
bacterial colonization in the gut. Nature Microbiology 4, 2064-2073 (2019).

58. lljazovic, A. et al. Perturbation of the gut microbiome by Prevotella spp.
enhances host susceptibility to mucosal inflammation. Mucosal Immunol. 14, 113—
124 (2021).

59. Riboulet-Bisson, E. et al. Effect of Lactobacillus salivarius Bacteriocin
Abp118 on the Mouse and Pig Intestinal Microbiota. PLoS One 7, (2012).

60. Charles K. Fisher, P. M. Identifying Keystone Species in the Human Gut
Microbiome from Metagenomic Timeseries Using Sparse Linear Regression. PLoS

One 9, (2014).

99


http://paperpile.com/b/kxNKze/p67l
http://paperpile.com/b/kxNKze/mnIZ
http://paperpile.com/b/kxNKze/mnIZ
http://paperpile.com/b/kxNKze/mnIZ
http://paperpile.com/b/kxNKze/mnIZ
http://paperpile.com/b/kxNKze/mnIZ
http://paperpile.com/b/kxNKze/mnIZ
http://paperpile.com/b/kxNKze/mnIZ
http://paperpile.com/b/kxNKze/mnIZ
http://paperpile.com/b/kxNKze/PcwP
http://paperpile.com/b/kxNKze/PcwP
http://paperpile.com/b/kxNKze/PcwP
http://paperpile.com/b/kxNKze/PcwP
http://paperpile.com/b/kxNKze/PcwP
http://paperpile.com/b/kxNKze/PcwP
http://paperpile.com/b/kxNKze/PcwP
http://paperpile.com/b/kxNKze/PcwP
http://paperpile.com/b/kxNKze/PcwP
http://paperpile.com/b/kxNKze/oAwP
http://paperpile.com/b/kxNKze/oAwP
http://paperpile.com/b/kxNKze/oAwP
http://paperpile.com/b/kxNKze/oAwP
http://paperpile.com/b/kxNKze/oAwP
http://paperpile.com/b/kxNKze/oAwP
http://paperpile.com/b/kxNKze/oAwP
http://paperpile.com/b/kxNKze/oAwP
http://paperpile.com/b/kxNKze/2RPW
http://paperpile.com/b/kxNKze/2RPW
http://paperpile.com/b/kxNKze/2RPW
http://paperpile.com/b/kxNKze/2RPW
http://paperpile.com/b/kxNKze/2RPW
http://paperpile.com/b/kxNKze/2RPW
http://paperpile.com/b/kxNKze/2RPW
http://paperpile.com/b/kxNKze/2RPW
http://paperpile.com/b/kxNKze/aQzi
http://paperpile.com/b/kxNKze/aQzi
http://paperpile.com/b/kxNKze/aQzi
http://paperpile.com/b/kxNKze/aQzi
http://paperpile.com/b/kxNKze/aQzi
http://paperpile.com/b/kxNKze/aQzi
http://paperpile.com/b/kxNKze/aQzi
http://paperpile.com/b/kxNKze/aQzi
http://paperpile.com/b/kxNKze/GzQ4
http://paperpile.com/b/kxNKze/GzQ4
http://paperpile.com/b/kxNKze/GzQ4
http://paperpile.com/b/kxNKze/GzQ4
http://paperpile.com/b/kxNKze/GzQ4
http://paperpile.com/b/kxNKze/GzQ4
http://paperpile.com/b/kxNKze/GzQ4
http://paperpile.com/b/kxNKze/GzQ4
http://paperpile.com/b/kxNKze/r8ff
http://paperpile.com/b/kxNKze/r8ff
http://paperpile.com/b/kxNKze/r8ff
http://paperpile.com/b/kxNKze/r8ff
http://paperpile.com/b/kxNKze/r8ff
http://paperpile.com/b/kxNKze/r8ff
http://paperpile.com/b/kxNKze/r8ff
http://paperpile.com/b/kxNKze/r8ff
http://paperpile.com/b/kxNKze/r8ff
http://paperpile.com/b/kxNKze/DOJa
http://paperpile.com/b/kxNKze/DOJa
http://paperpile.com/b/kxNKze/DOJa
http://paperpile.com/b/kxNKze/DOJa
http://paperpile.com/b/kxNKze/DOJa
http://paperpile.com/b/kxNKze/DOJa
http://paperpile.com/b/kxNKze/DOJa
http://paperpile.com/b/kxNKze/DOJa
http://paperpile.com/b/kxNKze/NJOe
http://paperpile.com/b/kxNKze/NJOe
http://paperpile.com/b/kxNKze/NJOe
http://paperpile.com/b/kxNKze/NJOe
http://paperpile.com/b/kxNKze/NJOe
http://paperpile.com/b/kxNKze/NJOe
http://paperpile.com/b/kxNKze/NJOe

61. Hsiao, E. Y. et al. Microbiota modulate behavioral and physiological
abnormalities associated with neurodevelopmental disorders. Cell 155, 1451-1463
(2013).

62. Cox, L. M. et al. Calorie restriction slows age-related microbiota changes
in an Alzheimer’s disease model in female mice. Scientific Reports vol. 9 (2019).
63. Zhuang, Z.-Q. et al. Gut Microbiota is Altered in Patients with Alzheimer’s
Disease. J. Alzheimers. Dis. 63, 1337-1346 (2018).

64. Lukiw, W. J. Bacteroides fragilis Lipopolysaccharide and Inflammatory
Signaling in Alzheimer’s Disease. Front. Microbiol. 7, (2016).

65. Nawaz, A. et al. CD206 M2-like macrophages regulate systemic glucose
metabolism by inhibiting proliferation of adipocyte progenitors. Nat. Commun. 8,
286 (2017).

66. Davis, M. J. et al. Macrophage M1/M2 polarization dynamically adapts to
changes in cytokine microenvironments in Cryptococcus neoformans infection.
MBio 4, e00264-13 (2013).

67. Callahan, B. J. et al. DADAZ2: High-resolution sample inference from
[llumina amplicon data. Nat. Methods 13, 581-583 (2016).

68. Janssen, S. et al. Phylogenetic Placement of Exact Amplicon Sequences
Improves Associations with Clinical Information. mSystems 3, (2018).

69. Bokulich, N. A. et al. Optimizing taxonomic classification of marker-gene
amplicon sequences with QIIME 2’s g2-feature-classifier plugin. Microbiome vol. 6
(2018).

70. Faith, D. P. Conservation evaluation and phylogenetic diversity. Biological

100


http://paperpile.com/b/kxNKze/eYDY
http://paperpile.com/b/kxNKze/eYDY
http://paperpile.com/b/kxNKze/eYDY
http://paperpile.com/b/kxNKze/eYDY
http://paperpile.com/b/kxNKze/eYDY
http://paperpile.com/b/kxNKze/eYDY
http://paperpile.com/b/kxNKze/eYDY
http://paperpile.com/b/kxNKze/eYDY
http://paperpile.com/b/kxNKze/eYDY
http://paperpile.com/b/kxNKze/E829
http://paperpile.com/b/kxNKze/E829
http://paperpile.com/b/kxNKze/E829
http://paperpile.com/b/kxNKze/E829
http://paperpile.com/b/kxNKze/E829
http://paperpile.com/b/kxNKze/E829
http://paperpile.com/b/kxNKze/mJ3u
http://paperpile.com/b/kxNKze/mJ3u
http://paperpile.com/b/kxNKze/mJ3u
http://paperpile.com/b/kxNKze/mJ3u
http://paperpile.com/b/kxNKze/mJ3u
http://paperpile.com/b/kxNKze/mJ3u
http://paperpile.com/b/kxNKze/mJ3u
http://paperpile.com/b/kxNKze/mJ3u
http://paperpile.com/b/kxNKze/c3iO
http://paperpile.com/b/kxNKze/c3iO
http://paperpile.com/b/kxNKze/c3iO
http://paperpile.com/b/kxNKze/c3iO
http://paperpile.com/b/kxNKze/c3iO
http://paperpile.com/b/kxNKze/c3iO
http://paperpile.com/b/kxNKze/JAekM
http://paperpile.com/b/kxNKze/JAekM
http://paperpile.com/b/kxNKze/JAekM
http://paperpile.com/b/kxNKze/JAekM
http://paperpile.com/b/kxNKze/JAekM
http://paperpile.com/b/kxNKze/JAekM
http://paperpile.com/b/kxNKze/JAekM
http://paperpile.com/b/kxNKze/JAekM
http://paperpile.com/b/kxNKze/JAekM
http://paperpile.com/b/kxNKze/TAsCn
http://paperpile.com/b/kxNKze/TAsCn
http://paperpile.com/b/kxNKze/TAsCn
http://paperpile.com/b/kxNKze/TAsCn
http://paperpile.com/b/kxNKze/TAsCn
http://paperpile.com/b/kxNKze/TAsCn
http://paperpile.com/b/kxNKze/TAsCn
http://paperpile.com/b/kxNKze/TAsCn
http://paperpile.com/b/kxNKze/HnJ7
http://paperpile.com/b/kxNKze/HnJ7
http://paperpile.com/b/kxNKze/HnJ7
http://paperpile.com/b/kxNKze/HnJ7
http://paperpile.com/b/kxNKze/HnJ7
http://paperpile.com/b/kxNKze/HnJ7
http://paperpile.com/b/kxNKze/HnJ7
http://paperpile.com/b/kxNKze/HnJ7
http://paperpile.com/b/kxNKze/xojw
http://paperpile.com/b/kxNKze/xojw
http://paperpile.com/b/kxNKze/xojw
http://paperpile.com/b/kxNKze/xojw
http://paperpile.com/b/kxNKze/xojw
http://paperpile.com/b/kxNKze/xojw
http://paperpile.com/b/kxNKze/xojw
http://paperpile.com/b/kxNKze/xojw
http://paperpile.com/b/kxNKze/ZFMS
http://paperpile.com/b/kxNKze/ZFMS
http://paperpile.com/b/kxNKze/ZFMS
http://paperpile.com/b/kxNKze/ZFMS
http://paperpile.com/b/kxNKze/ZFMS
http://paperpile.com/b/kxNKze/ZFMS
http://paperpile.com/b/kxNKze/ZFMS
http://paperpile.com/b/kxNKze/MNli
http://paperpile.com/b/kxNKze/MNli

Conservation vol. 61 1-10 (1992).

71. Shannon, C. E. A Mathematical Theory of Communication. Bell System
Technical Journal vol. 27 379-423 (1948).

72. Lozupone, C. A., Hamady, M., Kelley, S. T. & Knight, R. Quantitative and
gualitative beta diversity measures lead to different insights into factors that
structure microbial communities. Appl. Environ. Microbiol. 73, 1576-1585 (2007).
73. Lozupone, C. & Knight, R. UniFrac: a new phylogenetic method for
comparing microbial communities. Appl. Environ. Microbiol. 71, 8228-8235 (2005).
74. Bokulich, N. A. et al. g2-longitudinal: Longitudinal and Paired-Sample
Analyses of Microbiome Data. mSystems 3, (2018).

75. Anderson, M. J. Permutational Multivariate Analysis of Variance (
PERMANOVA ). Wiley StatsRef: Statistics Reference Online 1-15 (2017)
doi:10.1002/9781118445112.stat07841.

76. Mandal, S. et al. Analysis of composition of microbiomes: a novel method
for studying microbial composition. Microb. Ecol. Health Dis. 26, 27663 (2015).

77. Bokulich, N. A. et al. g2-sample-classifier: machine-learning tools for
microbiome classification and regression. bioRxiv 306167 (2018)
doi:10.1101/306167.

78. Dietmaier, W., Wittwer, C. & Sivasubramanian, N. Rapid Cycle Real-Time
PCR — Methods and Applications: Genetics and Oncology. (Springer Science &

Business Media, 2013).

101


http://paperpile.com/b/kxNKze/MNli
http://paperpile.com/b/kxNKze/MNli
http://paperpile.com/b/kxNKze/0Dzo
http://paperpile.com/b/kxNKze/0Dzo
http://paperpile.com/b/kxNKze/0Dzo
http://paperpile.com/b/kxNKze/0Dzo
http://paperpile.com/b/kxNKze/Kiio
http://paperpile.com/b/kxNKze/Kiio
http://paperpile.com/b/kxNKze/Kiio
http://paperpile.com/b/kxNKze/Kiio
http://paperpile.com/b/kxNKze/Kiio
http://paperpile.com/b/kxNKze/Kiio
http://paperpile.com/b/kxNKze/Kiio
http://paperpile.com/b/kxNKze/AVmn
http://paperpile.com/b/kxNKze/AVmn
http://paperpile.com/b/kxNKze/AVmn
http://paperpile.com/b/kxNKze/AVmn
http://paperpile.com/b/kxNKze/AVmn
http://paperpile.com/b/kxNKze/AVmn
http://paperpile.com/b/kxNKze/sY2m
http://paperpile.com/b/kxNKze/sY2m
http://paperpile.com/b/kxNKze/sY2m
http://paperpile.com/b/kxNKze/sY2m
http://paperpile.com/b/kxNKze/sY2m
http://paperpile.com/b/kxNKze/sY2m
http://paperpile.com/b/kxNKze/sY2m
http://paperpile.com/b/kxNKze/sY2m
http://paperpile.com/b/kxNKze/LJd3
http://paperpile.com/b/kxNKze/LJd3
http://paperpile.com/b/kxNKze/LJd3
http://paperpile.com/b/kxNKze/LJd3
http://paperpile.com/b/kxNKze/LJd3
http://dx.doi.org/10.1002/9781118445112.stat07841
http://paperpile.com/b/kxNKze/LJd3
http://paperpile.com/b/kxNKze/EFAz
http://paperpile.com/b/kxNKze/EFAz
http://paperpile.com/b/kxNKze/EFAz
http://paperpile.com/b/kxNKze/EFAz
http://paperpile.com/b/kxNKze/EFAz
http://paperpile.com/b/kxNKze/EFAz
http://paperpile.com/b/kxNKze/EFAz
http://paperpile.com/b/kxNKze/EFAz
http://paperpile.com/b/kxNKze/H2ex
http://paperpile.com/b/kxNKze/H2ex
http://paperpile.com/b/kxNKze/H2ex
http://paperpile.com/b/kxNKze/H2ex
http://paperpile.com/b/kxNKze/H2ex
http://paperpile.com/b/kxNKze/H2ex
http://paperpile.com/b/kxNKze/H2ex
http://dx.doi.org/10.1101/306167
http://paperpile.com/b/kxNKze/H2ex
http://paperpile.com/b/kxNKze/YRu0
http://paperpile.com/b/kxNKze/YRu0
http://paperpile.com/b/kxNKze/YRu0
http://paperpile.com/b/kxNKze/YRu0
http://paperpile.com/b/kxNKze/YRu0

102



CHAPTER 3: Engraftment of gut microbiota composition from aged 3xTg-AD mice
modeling amyloidosis and tauopathy did not alter neuroinflammation in young 3xTg-AD

mice.

ABSTRACT

The gut microbiota, the community of microbes that populate the gut, bidirectionally
communicates with the brain via chemical messengers, termed the gut microbiota-brain
axis. Shifts in the gut microbiota-brain axis are associated with development of
Alzheimer’s disease (AD), characterized by amyloid-p plaque deposition, neurofibrillary
tangles, and neuroinflammation. We hypothesize that remodeling the gut microbiota
composition can shift key microbial communities, thereby altering the development of
AD pathologies. To assess the role of the functional microbiome on AD-associated
neuroinflammation, we performed fecal microbiota transplants (FMT) from older (52-64
weeks) 3xTg-AD mice, modeling amyloidosis and tauopathy, to young 3xTg-AD (n=5) or
WT mice (n=10). PBS was gavaged into 3xTg-AD (n=5) and WT mice (n=10) as a
control. At 8 weeks, mice were treated with FMT or PBS for 5 consecutive days,
followed by fortnightly maintenance doses until 24 weeks of age. The V4 region of the
16S rRNA gene was sequenced on the lllumina MiSeq. Data were analyzed using
QIIME 2. Reverse transcription RT-qPCR was used to assess microgliosis, astrocytosis,
and Th1/Th2 inflammation in the hippocampus and colon at 24 weeks of age. We
observed partial engraftment of the gut microbiota from aged 3xTg-AD mice in FMT-
treated mice. Bacteroides acidifaciens was increased in 3xTg-AD and WT mice
receiving FMT from the 3xTg-AD mice. At 24 weeks, there was no difference in

neuroinflammation between treatment groups. This study contributes to our
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understanding of certain microbial features of the gut microbiota that may affect the

onset and severity of AD pathologies.

IMPORTANCE

Fecal microbiota transplants have successfully treated Clostridium difficile hospital
acquired infections, and have shown potential for treatment in neurological diseases
related to altered gut microbiota compositions, including Parkinson’s disease, Autism
Spectrum Disorder, and Alzheimer’s disease. Our study seeks to better understand the
effects on the gut microbiota-brain axis in 3xTg-AD mice modeling Alzheimer’s disease
through transplantation from the gut microbiota composition of 3xTg-AD mice displaying
full pathologies fortnightly into 8 week old 3xTg-AD and WT mice until 24 weeks of age.
No changes in neuroinflammation between treatment groups were exhibited by 24
weeks of age, however successful partial engraftment of the gut microbiota composition
by treatment group occurred, indicating early life gut microbiota may play a stronger role

in the gut microbiota-brain axis.

Introduction

Microbial life, composed of bacteria, viruses, archaea, fungi, and their genomes,
inhabit nearly every niche of the human body in what is collectively termed, the human
microbiome. The gut microbiome houses the majority of the human microbiome, aiding
in various aspects of human health, including nutrient absorption,* host homeostasis,?

and resistance to foreign pathogen invasion.®> Communication operates bidirectionally
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between the central nervous system and the gastrointestinal tract via the gut microbiota-
brain axis through neural, hormonal, immune and metabolic pathways.3® Understanding
these pathways offers insight into the development of targeted therapeutics aimed at
recharacterizing the gut microbiome.”

Recent evidence suggests that the gut microbiota-brain axis may play an
important role in the pathophysiology of Alzheimer’s disease (AD).#8-1° AD is an
irreversible, neurodegenerative disease that affects 1 in 10 people over the age of 65.11
Patients with AD experience impaired physical and cognitive abilities, memory loss, and
mood changes. Disease progression is slow, therefore patients may require caretakers
for several years, which creates a financial and emotional burden to both the patient
and their loved ones. Alzheimer’s disease is characterized by three main pathologies;
amyloid-B plaques, neurofibrillary tangles, and neuroinflammation.*?
Neuroinflammation in AD is characterized by a complex set of pathways, including
dysfunctional microglia and astrocytes. Microglia are the resident macrophages of the
central nervous system, while astrocytes function to support neuronal synaptic function
and maintain the integrity of the blood brain barrier (BBB).13# Microglia clear soluble
amyloid- via macropinocytosis, however, in the insoluble, fibrillary form, microglia are
unable to clear amyloid- deposits at the rate they are forming, leading to accumulation
of amyloid-B plaques.'® The chronic neuroinflammation in AD is further characterized by
pro-inflammatory biochemical processes, including the release of proinflammatory
cytokines, mainly IL-1B, TNF-a, and IL-6.1® Emerging evidence points to neurotoxic
metabolites of Gram-negative gut microbes, such as lipopolysaccharide (LPS), as key

mediators of AD.Y’
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The use of fecal microbiota transplantation (FMT) to alter health outcomes has
been used to determine causality of microbial communities to disease severity or
progression. A number of studies in mice modeling AD pathologies have shown
reduced cognitive impairment, amyloidosis, tauopathy, and neuroinflammation
proceeding gut microbiota intervention, including FMT from a healthy donor,2
antibiotics,® and probiotics.® However, there have been few studies that explore
directionality, using co-housing to allow for bi-directional transfer of microbial
communities between mice modeling AD and WT mice. A study from Chen and
colleagues demonstrate the impact of FMT in a study where young 3xTg-AD mice at 6
weeks old are co-housed with aged 3xTg-AD (12 months) mice or aged WT mice (12
months). The intervention led to a distinct gut microbiota composition in the young mice
at 6 months of age cohoused with aged 3xTg-AD mice compared to those cohoused
with WT mice. Further, the gut dysbiosis in the mice co-housed with aged 3xTg-AD
mice led to decreased epithelial barrier integrity, upregulation of the C/EBPB/AEP
pathway in the brain, a reduction in synaptic function, and cognitive impairment.2° In
another study, where 5xFAD mice were co-housed with WT mice, a gut microbiota
analysis at 7 months of age showed a distinct gut microbiota composition in co-housed
WT mice compared to 5xFAD and WT mice without 5xFAD co-housing, suggesting
partial transfer of the 5xFAD mouse microbiota phenotype. Interestingly, the cytokine
array of the mouse brain homogenate from these mice shows WT mice co-housed with
5xFAD mice have more similar cytokine profiles to 5XxFAD mice than the WT mice
without 5XxFAD co-housing. These studies, taken together, suggest the gut microbiota

composition from mice modeling AD pathologies are not only transferable, but AD
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murine models appear to have a stronger gut microbiota phenotype that is transferred to
WT mice, linked to negative changes in immune, neural, and cognitive function.?! To our
knowledge, no clinical trials assessing FMT efficacy in people living with AD have been
published, however, two case studies of individuals living with AD who received an FMT
showed rapid improvement in cognitive function from pre-FMT to post-FMT treatment,
measured by the Mini-Mental State Examination.?22® The body of literature
demonstrating changes in the disease pathologies and cognition when the gut
microbiota composition is transferred between mice modeling AD pathologies and WT
mice, regardless of directionality, as well as the FMT treatments in two case studies of
people living with AD, make a compelling case to explore the mechanisms involved.
Understanding how the gut microbiota-brain axis aggravates or alleviates
disease progression could contribute to targeted therapies that restructure the
microbiome toward a healthy state. Future therapies to manipulate the gut microbiota
composition may provide a low-cost and minimally-invasive potential to reestablish
healthy microbial communities in the gut of individuals with AD. Fecal microbiota
transplantation (FMT) is an emerging technique in microbiota manipulation that involves
transplantation of fecal matter containing gut microbes from a donor into a recipient.2
FMTs have been used as an interventional strategy for recolonizing a disease-
associated gut microbiota, in vitro, with minimal invasion to the host. Successful FMTs
have been performed in treating hospital-acquired Clostridium difficile infections, where
FMT from healthy donors effectively outcompetes the C. difficile and restores a healthy
microbiome with minimal recurrence of C. difficile infection.?* Beyond the potential for

future therapies, FMTs allow researchers to study how the introduction of a donor
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microbiota, associated with health or disease, may alter the progression and severity of
disease. FMT clinical trials have been performed in patients with Parkinson’s disease,
and have indicated success in treating common symptoms of the disease including poor
sleep, depression, anxiety, and resulted in motor skill improvement.?® Previous studies
indicate that transgenic mice modeling AD experience reduced tau
hyperphosphorylation and cognitive decline as a result of FMT from a WT cohort.? This
study seeks to elucidate whether FMTs from an aged triple transgenic mouse model
(3xTg-AD) of AD can alter the gut microbiome of young 3xTg-AD and wild type (WT)
mice, and investigate related changes in pathology development. We hypothesized that
FMT from aged (12-19 month) 3xTg-AD mice would shift the gut microbiota of young
3xTg-AD and WT recipient mice to more closely resemble the phenotype associated

with disease pathologies and aggravate neuroinflammation.

METHODS

Transgenic mouse models: Female 3xTg-AD (with overexpression of APP(Swe),
PSEN1(M146V), and MAPT(P301L) transgenes; n=10) and female B6129F2/J (WT;
n=20) mice were purchased from Jackson Laboratory (Bar Harbor, Maine). All mice
were purchased from Jackson Laboratory, including aged, female 3xTg-AD donors, and
allowed 5 days to acclimate. Mice were housed in a specific pathogen free environment
at the vivarium at NAU.AIll animal experiments were approved by the Institutional Animal

Use and Care Committee of NAU under protocol 18-016.
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Sample collection: Fecal samples were collected directly from each mouse fortnightly
starting at 8 weeks and continuing to 24 weeks, when mice were sacrificed for
longitudinal gut microbiota and immune profile analysis. Mice were euthanized with CO,
at 24 weeks of age. Gastrointestinal and brain samples were collected in a sterile Class

Il Biosafety Cabinet using sterile tools for each body site and mouse. Colon and

hippocampus were harvested, immediately placed in RNAlater, and stored at —-80°C

until further processing.

Fecal microbiota transplant: Fecal pellets were collected from 12-19 month old 3xTg-

AD mice and stored at —80°C in 1mL of sterile 1X phosphate buffer saline (PBS) per

fecal pellet. Pellets were then thawed, combined with fresh fecal pellets in a 50/50 ratio,

homogenized, and spun down at 4 degrees C for 15 minutes at 1200 rpm. 100uL of

supernatant was transplanted via oral gavage into 3xTg-AD and WT mice beginning at

8 weeks of age for 5 consecutive days, followed by maintenance doses administered

fortnightly from 10 weeks to 24 weeks of age. The control groups were administered

sterile 1X PBS for the duration of the treatments. At 24 weeks, the mice were sacrificed

to harvest feces and hippocampus. All samples were stored at —80 °C until further

processing.
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Nucleic Acid Extraction and 16S rRNA gene sequencing: DNA and RNA were
extracted in parallel from feces using the MagMAX Pathogen RNA/DNA Kit from
ThermoFisher. Extractions were performed in a Class Il Biosafety Cabinet using
protocols adopted from eukaryotic cell culture to protect the samples from
contamination (i.e., decontaminate all materials with 70% EtOH to bring into the BSC,
double glove while in the BSC, and don single use PPE while working in the BSC).
Modifications to the protocol include the use of Lysing Matrix E tubes (MP Biomedical,
Irvine, California) for bacterial and fungal lysis. Both DNA and RNA were quantified
using a NanoDrop 2000. Quantified DNA from fecal samples was used for 16S rRNA
gene PCR. Using Earth Microbiome Project (EMP) primers (515F-806R), the V4 region
of the 16S rRNA gene was amplified. Each PCR reaction contained 2.5 pl of PCR buffer
(TaKaRa, 10x concentration, 1x final), 1 pl of the Golay barcode tagged forward primer
(10 pM concentration, 0.4 uM final), 1 ul of bovine serum albumin (Thermofisher, 20
mg/mL concentration, 0.56 mg/ul final), 2 ul of ANTP mix (TaKaRa, 2.5 mM
concentration, 200 uM final), 0.125 ul of HotStart ExTaq (TaKaRa, 5 U/ul, 0.625 U/ul
final), 1 pL reverse primer (10 uM concentration, 0.4uM final), and 1 pL of template
DNA. All PCR reactions were filled to a total 25 pL with UltraPure DNase, Rnase free
water (Invitrogen), then placed on a ThermalCycler. ThermalCycler conditions were as
follows, 98°C denaturing step for 2 minutes, 30 cycles of 98°C for 20 seconds, 50°C for
30 seconds, and 72°C for 45 seconds, a final step of 72°C for 10 minutes. PCR was
performed in a decontaminated PCR hood and consumables were decontaminated with

70% ethanol to bring into the hood, then exposed to UV light to prevent sample
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contamination. PCR was performed in triplicate and an additional negative control was
included for each barcoded primer. 16S rRNA gene bands were visualized using a 3%
agarose gel (ThermoFisher, Waltham, Massachusetts). Amplicons were quantified
using fluorometry and pooled at equimolar ratios. Quality of the pool was assessed with
the Bioanalyzer DNA 1000 chip (Agilent Technologies, Santa Clara, California) then
combined with 1% PhiX for sequencing. A total of 6 pools were sequenced on the
lllumina MiSeq using the 600-cycle MiSeq Reagent Kit V3 (Illumina, San Diego,
California). Each pool contained mock communities and samples that overlapped over
each sequencing run to identify potential sequencing bias. All sequencing was done on

the lllumina MiSeq.

Bioinformatics Analysis: Microbiome bioinformatics were performed with QIIME 2
version 2021.2. g2-DADA2 was used for sequence quality control and generation of
amplicon sequence variants (ASVs) to provide the highest taxonomic specificity.26 A
phylogenetic tree was created using g2-fragment-insertion, which applies the SEPP
algorithm, inserting short sequences into a reliable tree generated from a database of
full-length sequences.?” Taxonomy was assigned to reads using g2-feature-classifier
and the Greengenes reference database, version 13_8.2728 Alpha diversity, including
Faith’s Phylogenetic Diversity,?° Shannon Diversity Index,*° and Observed ASVs were
computed with g2-diversity?°. Beta diversity (community dissimilarity) metrics were
computed with g2-diversity, including Bray-Curtis dissimilarity, Jaccard dissimilarity,
weighted UniFrac,?®3! and unweighted UniFrac® distances. Longitudinal analysis was

performed with g2-longitudinal to assess temporal changes in bacterial communities.33
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Group comparisons of alpha diversity were performed with non-parametric Wilcoxon
tests, and group comparisons of beta diversity were performed with non-parametric
PERMANOVA34. ASVs and taxa that were differentially abundant across mouse
genotypes and treatment groups were identified using ANCOM.3® All P-values were
corrected for multiple comparisons using the Benjamini-Hochberg False Discovery Rate

correction.

gPCR Assay: DNA and RNA were extracted in parallel from hippocampus and colon
samples using the Qiagen AllPrep kit. gDNA clean ups were performed on the RNA
using the DNase Max kit (Qiagen, Hilden Germany). RNA was reverse transcribed
using the 2nd strand synthesis kit (Qiagen, Hilden Germany). A custom gPCR assay
from QIAGEN including various biomarkers for Th1/Th17 (il2, illbeta, il-6, ifn-gamma,
tnf-alpha), astrocyte reactivity (il-6), and M1/M2 macrophage activation/microgliosis

(ccl2, il1B, il4, arg1, iINOS, il-10)6:37 were used.

Statistical Analysis: Fold changes were calculated using 2-24¢T .38 Group comparisons

of genotype-age were performed with non-parametric Mann-Whitney. Violin plots were

created using Prism-GraphPad version 9.1.1 (225).
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Figure 1: FMT Study Design. 3xTg-AD (n = 10) and B6129F2/J (n = 20) were
separated into two treatment groups; fecal microbiota transplantation (FMT) and PBS
(control). Beginning at 8 weeks of age, five consecutive days of treatment were
administered (FMT or PBS), followed by fortnightly maintenance doses beginning at 10
weeks of age. Fecal samples were collected fortnightly from 8 to 24 weeks of age, when
mice were sacrificed for tissue collection.

Fecal microbiota transplant (FMT) experimental design

To explore how FMT-induced shifts in the gut microbiota composition alters AD-
associated neuroinflammation in mice, 3xTg-AD and WT mice were split further into four
treatment groups, composed of 3xTg-AD-FMT treated mice, 3xTg-AD-PBS treated
mice, WT-FMT treated mice, and WT-PBS treated mice. FMTs from female 3xTg-AD
mice modeling AD pathologies (12-19 months old) were administered to 8 week old
3xTg-AD and WT mice for 5 consecutive days and fortnightly from 10 weeks to 24
weeks of age. Our recent results suggest that gut microbiome alterations precede
pathology development from 8-24 weeks, so we rationalized that 24 weeks would be

sufficient to observe changes in neuroinflammation and microbial composition in the
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gut. Fecal samples were collected fortnightly for gut microbiome analysis from 8 weeks

until 24 weeks of age (Figure 1).
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Figure 2: Volatility analysis of FMT Treatment Groups from 8 to 24 weeks
demonstrates WT-FMT mice shift towards 3xTg-AD-FMT and 3xTg-AD PBS
groups. A) Volatility plot of PCoA Axis 1 of the Jaccard dissimilarity index. This
demonstrates differences in the shift of WT-FMT towards 3xTg-AD groups. Thick lines
represent the average change in the gut microbiota on PC1 over time in the 4 treatment
groups, and thin lines represent changes in the gut microbiota on PC1 over time in
individual mice. B) Volatility plot of PCoA Axis 1 of Unweighted Unifrac distance metric.
Thick lines represent the average change in the gut microbiota on PC1 over time in the
4 treatment groups, and thin lines represent changes in the gut microbiota on PC1 over
time in individual mice.

Successful engraftment of the gut microbiota composition from 3xTg-AD mice

into WT-FMT group

Success of FMTs are characterized by engraftment, or incorporation of the donor gut
microbiota composition to the gut of the FMT recipient.®® To assess the temporal
compositional shifts from FMT, beta diversity metrics were run on the four treatment
groups to analyze compositional differences between samples from 8 to 24 weeks of

age. Jaccard dissimilarity, a non-phylogenetic, qualitative metric, demonstrated a shift of

114


https://paperpile.com/c/Q4jfQU/G6Fk

WT-FMT treated mice towards a more similar gut microbiota composition to 3xTg-AD
mice, suggesting the community of bacteria in WT-FMT treated mice and 3xTg-AD mice
share more of the same amplicon sequence variants (ASVSs) after the gut microbiota
transplantation (Figure 2A). Comparisons of Jaccard distance metrics are significant at
8, 16, and 24 weeks of age (PERMANOVA g-value <0.01), except when comparing
3xTg-AD-FMT and 3xTg-AD-PBS at 24 weeks (PERMANOVA g-value = 0.111; Table
S1A-C). Unweighted unifrac, a phylogenetic, qualitative metric, also demonstrated a
shift of WT-FMT treated mice towards a more similar gut microbiota composition to
3xTg-AD mice, implying that phylogenetic similarity or dissimilarity of features is not a
driving force in beta diversity metrics (Figure 2B). Unweighted Unifrac distance metrics
are significant at 8, 16, and 24 weeks of age (PERMANOVA, g-value <0.01), except
when comparing 3xTg-AD-FMT and 3xTg-AD-PBS at 24 weeks (PERMANOVA g-value

= 0.095; Table S1D-F).
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Figure 3: Jaccard and Unweighted Unifrac PCoA show composition shift towards
Aged Donors in 3xTg-AD mice. A) PCoA of Jaccard dissimilarity index. Demonstrates
3xTg-AD mice shift towards an Aged Donor like community composition while WT mice
at 24 weeks cluster away from Aged Donor’'s community composition. B) PCoA of
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Unweighted Unifrac distance metric. Demonstrates 3xTg-AD mice shift towards an
Aged Donor like community composition while WT mice at 24 weeks cluster away from
Aged Donor’s community composition.

3xTg-AD mice shift towards FMT donor community composition at 24 weeks of

age when compared to WT mice

To examine how FMT treatment altered the gut microbiota composition of 3xTg-AD and
WT mice by 24 weeks, we evaluated beta diversity at 8 week and 24 week samples
from all four treatment groups, with FMT donor samples (Figure 3). All four groups
reveal FMT associated gut microbiota composition changes were not strong enough to
shift towards the FMT donor composition. Unsurprisingly, 3xTg-AD at 24 weeks were
more similar to FMT donors than WT at 24 weeks. WT mice were more similar to FMT
donor mice at 8 weeks than they were at 24 weeks, demonstrating a shift away from the

disease-associated gut microbiota composition as they age.
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Figure 4. Feature volatility at species level.Thick lines represent the average change
in the ASV over time in all 4 treatment groups, and thin lines represent changes in the
ASV over time in individual mice. A) Feature volatility chart of Bacteroides acidifaciens
demonstrates increasing abundance following initial FMT treatment in 3xTg-AD-FMT
mice, and increases in 3xTg-AD-PBS around 14 weeks of age. WT-FMT mice
experience increased Bacteroides acidifaciens about 12 weeks into FMT treatments.B)
Feature volatility chart of Sutterella sp. demonstrates increasing abundance following
initial FMT treatment in 3xTg-AD-FMT mice, while increasing abundance in 3xTg-AD-
PBS and WT-FMT at 6 and 8 weeks, respectively, following initial FMT treatment. C)
Feature volatility chart of Turicibacter sp. demonstrates increasing abundance in 3xTg-
AD-FMT mice 8 weeks after the initial FMT treatment, while remaining relatively stable
at low abundances in all other treatment groups. D) Feature volatility chart of
Lactobacillus sp. demonstrates a relatively stable abundance for all treatment groups,
however increasing in WT-FMT mice 6-10 weeks following initial FMT treatment.
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Feature volatility reveals dynamic microbial communities endogenous to 3xTg-

AD mice and transferable between phenotypes

To further characterize the engraftment success, g2-longitudinal was applied to identify
dynamic features of the gut microbiota composition. Bacteroides acidifaciens increases
in relative abundance in WT-FMT mice at 20 weeks of age, however, appears absent in
WT-PBS mice. Interestingly, prior to 20 weeks of age in WT-FMT mice, Bacteroides
acidifaciens was absent, suggesting multiple treatments were needed for effective
transfer. In 3xTg-AD mice, Bacteroides acidifaciens was present as early as 8 weeks of
age, yet the relative abundance in PBS treated mice was lower than FMT treated mice
until 14-16 weeks of age. This delay in relative abundance of Bacteroides acidifaciens
suggests that engraftment also occurred in FMT treated 3xTg-AD mice (Figure 4A).
Similarly, Sutterella sp. increases in 3xTg-AD-FMT as early as 10 weeks of age, while
remaining in low abundance in 3xTg-AD-PBS and WT-FMT mice at 14 and 16 weeks of
age, respectively (Figure 4B). Turicibacter sp. increases in abundance in 3xTg-AD-FMT
at 16 weeks of age, while remaining in relatively low abundance for 3xTg-AD-PBS, WT-
FMT, and WT-PBS mice (Figure 4C). Curiously, a Lactobacillus sp. remains relatively
stable at lower abundances in all 4 treatment groups, yet increases in WT-FMT mice

from 16-20 weeks of age (Figure 4D).

Differential abundance of gut microbiota bacteria by treatment group
To identify differential abundance of bacteria in the gut microbiota composition of each
treatment group, we used ANCOM (Analysis of Composition of Microbiomes) at the 8,

16, and 24 week timepoints (Table S2). Bacteroides spp. (W=52), Lactobacillus spp.
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(W=52), and Bacteroides acidifaciens (W=52) were identified as differentially abundant
among the treatment groups at 8 weeks of age. Lactobacillus salivarius (W=56),
Bacteroides spp. (W=56), Bacteroides acidifaciens (W=54), Lactobacillus (W=54),
Prevotella spp. (W=53), and Akkermansia muciniphila (W=51) were identified as
differentially abundant among the treatment groups at 16 weeks of age. Bacteroides
acidifaciens (W=66), Lactobacillus (W=64) and Lactobacillus salivarius (W=61) were

identified as differentially abundant among the treatment groups at 24 weeks of age.

Next, we used ANCOM to compare the FMT treatment between mouse genotypes, at
the 8, 16, and 24 week timepoints (3xTg-AD-FMT vs. WT-FMT, Table S3A).
Bacteroides acidifaciens (W=50) was identified as differentially abundant among the
treatment groups at 8 weeks of age between FMT treated 3xTg-AD and WT mice.
Lactobacillus sp. (W=49) and Bacteroides acidifaciens (W=49) were identified as
differentially abundant among the treatment groups at 16 weeks of age between FMT
treated 3xTg-AD and WT mice. Lactobacillus sp. (W=50) was identified as differentially
abundant among the treatment groups at 8 weeks of age between FMT treated 3xTg-

AD and WT mice.

Finally, we sought to compare the PBS treatment mouse genotypes, at the 8, 16, and
24 week timepoints (3xTg-AD-PBS vs. WT-PBS, Table S3B). Lactobacillus (W=44) and
Bacteroides sp. (W=43) were identified as differentially abundant among the treatment
groups at 8 weeks of age between PBS treated 3xTg-AD and WT mice. Bacteroides

spp. (W=43), Bacteroides acidifaciens (W=39), Lactobacillus (W=39), Prevotella spp.
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(W=38), Lactobacillus salivarius (W=35), and Akkermansia muciniphila (W=34) were
identified as differentially abundant among the treatment groups at 16 weeks of age
between PBS treated 3xTg-AD and WT mice. Bacteroides acidifaciens (W=60),
Prevotella spp. (W=52) and Lactobacillus salivarius (W=52) were identified as
differentially abundant among the treatment groups at 24 weeks of age between PBS

treated 3xTg-AD and WT mice.

Associations between bacterial microbiota and FMT treatment group over time

using Linear Mixed Effects

We applied a Linear Mixed Effects (LME) model to determine the relationship of FMT
treatment group (as a fixed effect) on gut microbiota diversity, leveraging the repeated
measures for each mouse. When we performed pairwise comparisons at each
timepoint, Faith’s Phylogenetic Diversity (Faith’s PD), an alpha diversity metric, was not
significantly different in 3xTg-AD-FMT mice at 8 weeks compared to 3xTg-AD-PBS mice
at 8 weeks (g-value = 0.178698, Kruskal-Wallis), 3xTg-AD mice at 16 weeks compared
to WT mice at 16 weeks (g-value = 0.327986, Kruskal-Wallis), or 3xTg-AD-FMT mice at
24 weeks compared to 3xTg-AD-PBS mice at 24 weeks (g-value = 0.615229, Kruskal-
Wallis (Figure S4)). There was a significant difference in Faith’s PD between WT-FMT
mice at 8 weeks compared to WT-PBS mice at 8 weeks (g-value = 0.030496, Kruskal-
Wallis), while there was no significance at WT-FMT mice at 16 weeks compared to WT-
PBS mice at 16 weeks (g-value = 0.757278, Kruskal-Wallis) or WT-FMT mice at 24

weeks compared to WT-PBS mice mice at 24 weeks (g-value = 0.684743, Kruskal-
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Walllis (Figure S4)). When we leveraged LME to analyze the effect of FMT treatment +
genotype on alpha diversity, Faith’s PD was significantly lower in 3xTg-AD-FMT mice at
baseline (p < 0.001). Faith’s PD was consistently lower over time in WT-FMT (p <
0.001) and WT-PBS mice (p < 0.001) and higher over time in 3xTg-AD-FMT (p = 0.002),
but not in 3xTg-AD-PBS (p > 0.05). To evaluate the effect of FMT treatment - genotype
on microbial composition over time, we used LME on the first principle coordinate axis
(PC1) from a PCoA generated from the Unweighted Unifrac dissimilarity metric. Gut
microbial composition of 3xTg-AD-FMT mice was significantly distinct at baseline from
WT treatment groups (p < 0.011). WT-FMT, 3xTg-AD-FMT and 3xTg-AD-PBS show
significant differences over time (p < 0.001) when compared to WT-PBS, suggesting
3xTg-AD mice experience stronger shifts in gut microbial composition than WT mice
without FMT treatment. FMT treatment + genotype did interact with time in modulating
the gut microbiota composition, suggesting a possible impact of genotype on
microbiome development (p < 0.001). Gut microbiota composition changed more
drastically in FMT treatment mice regardless of mouse genotype from the baseline

sample when compared to WT-PBS treated mice.

Inflammatory gene biomarkers in the hippocampus and colon

To assess severity of the inflammatory response in the hippocampus to the FMT
treatments, we used a custom reverse transcriptase gPCR assay to evaluate 16 genes
for AD-associated inflammatory biomarkers. Based on previous characterization of
pathologies in the brain of 3xTg-AD mice, the hippocampus was selected for

neuroinflammatory marker analysis.*° Of the 16 genes assessed, five were TH1/TH17
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markers, one was a astrogliosis markers, six were microgliosis markers, and four were
controls/housekeeping genes (Table S4). Fold change was calculated for hippocampus
at 24 weeks of age in all four treatment groups using the 22T method.** Arglis a
biomarker for type 2 microgliosis, while Nos2 is a biomarker for type 1 microgliosis. Ccl2
is a biomarker for AB stimulated astrocytes and microglia*>43. We did not observe
significant changes in inflammatory gene markers in the hippocampus across the four

treatment groups (p>0.05, Mann-Whitney, Fig. 5A-C).

DISCUSSION

Studies have shown altered neuroinflammation®, cognitive function,***> and AD
pathology burden“® following gut microbiota alterations in mice, suggesting a role of the
gut microbiota-brain axis in the development and severity of AD pathologies. In this
study, we demonstrated successful engraftment using FMT treatments with no
subsequent changes in AD- associated neuroinflammation. However, we did identify
certain microbial features, including Bacteroides acidifaciens, Sutterella sp., and
Turicibacter sp. that colonized 3xTg-AD-FMT treated mice, while less apparent in WT-

FMT treated mice.

Increasing interest in understanding how to manipulate the gut microbiota to improve
health has led to studies evaluating the health impacts of probiotics,*’ antibiotics,*®
prebiotics, and fecal microbiota transplants.*® The beneficial impacts of these
treatments relies heavily on their ability to alter the gut microbiota composition by

providing nutrition to resident microbes or by directly altering the microbial composition.
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Fecal microbiota transplants (FMT) require engraftment, or incorporation of foreign
material, to alter the functional gut microbiome. The requirements for dictating a
successful engraftment from FMT treatments are still unclear. In this study, we
demonstrate that FMT alters the beta diversity, feature volatility, and abundance of taxa
in a genotype-specific manner. While this study did not show changes in AD-associated
neuroinflammation in FMT treated mice, we did demonstrate successful engraftment in

FMT treated mice.

To engraft in the gut exogenous microbes must compete with the resident microbes
through complex interactions to inhabit the gut microbiota, exhibited both at the
community and individual level.®® Jaccard and Unweighted Unifrac diversity metrics
reveals community level engraftment suggested by a more similar gut microbiota
compositions in WT-FMT treated mice to 3xTg-AD mice in both treatment groups than
to their PBS treated WT mice. As a qualitative, non-phylogenetic metric for analyzing
between sample diversity, Jaccard demonstrates engraftment of both low and high
abundant taxa from 3xTg-AD donors to young WT mice. Further, the 3xTg-AD-FMT and
3xTg-AD-PBS mice show similar gut microbiota compositions, indicating that young

3xTg-AD mice share similar microbial communities with the older 3xTg-AD donor mice.

Identification of individual microbial engraftment illustrates the ability of the microbe to
compete against endogenous communities for a spot in the gut microbiota. Bacteroides
acidifaciens successfully engrafted in all FMT treated mice, but it took multiple doses of

FMT to engraft in WT-FMT mice. Further, B. acidifaciens was indigenous in 3xTg-AD-
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PBS mice and was completely absent in WT-PBS mice. Taken together, this indicates
both transfer of maternal microbiome features during vaginal birth (in 3xTg-AD mice)
and ability to engraft more effectively in 3xTg-AD-FMT than WT-FMT mice,
demonstrating that the niche occupied by B. acidifaciens is likely genotype-specific
Further, we observed increasing relative abundance of B. acidifaciens temporally, which
can imply that B. acidifaciens is metabolically active in the gut microbiota and potentially
involved the gut microbiota-brain axis and development of AD pathologies.
Unfortunately, B. acidifaciens remains an understudied organism and has not been
identified in humans.>! First isolated from the mouse caecum in 2000, B. acidifaciens
demonstrated phenotypic similarities to Bacteroides fragilis and is a member of the B.

fragilis group.52

B. fragilis has previously been implicated in Alzheimer’s disease in both mouse and
human studies.®5354 B. fragilis is a commensal gut microbe found in the mammalian
gastrointestinal tract. However, B. fragilis also exerts strong neurological effects. In mice
modeling Autism Spectrum Disorder, B. fragilis administration was beneficial; mice
colonized with B. fragilis demonstrated improved social and behavioral behaviors, and
reduced inflammation.>®> Moreover, the role of B. fragilis seems to be more neurotoxic in
Alzheimer’'s Disease.>® Most notably, B. fragilis produces lipopolysaccharide (BF-
LPS),5” an endotoxin that increases production of pro-inflammatory cytokines in the
brain, and a toxin (fragilysin; BFT), which can disrupt the epithelial barrier.>® BF-LPS

and BFT have been shown to degrade intestinal barrier integrity, enter the bloodstream,
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and cross the blood brain barrier in patients with AD and further exacerbate cytokine

production in the brain.>°

In addition to Bacteroides acidifaciens, Sutterella sp. and Turicibacter sp. increased in
relative abundance in 3xTg-AD-FMT mice compared to the other treatment groups,
suggesting successful engraftment of these features. Sutterella is considered a
commensal gut microbe, with proinflammatory capacities, frequently associated with
Inflammatory Bowel Diseases, Down Syndrome, and Autism Spectrum Disorder.5°
Turicibacter sp. has been identified in 3xTg-AD®!, 5xFAD®%263, APP/PS162, and patients
suffering from AD® as a microbial feature with altered relative abundance from healthy
controls. While the role Turicibacter sp. plays in host health remain unclear, it does
possess the capability to consume and regulate the uptake of serotonin in the
intestines.®* Serotonergic alterations (e.g., via use of selective serotonin reuptake
inhibitors) have been linked to reduced AD pathology in a handful of clinical studies.®> A
recent study in 5xTg-FAD mice, modeling amyloidosis, found that Turicibacter was
depleted in the gut microbiome of 5xTg-FAD mice.®3 In our study, we found that
Turicibacter was increased in abundance in 3xTg-AD mice receiving FMT, possibly

suggesting a role for this organism in AD via the gut microbiome-serotonin-AD axis.

While our study did not demonstrate changes in AD-associated neuroinflammation
biomarkers between treatment groups at 24 weeks of age (Supplemental Figure 1A-C),
the design of our FMT treatment did result in successful engraftment of the gut

microbiota composition from older 3xTg-AD mice to young 3xTg-AD and WT mice. In
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future FMT studies investigating neurological diseases and the gut microbiota
composition, an extended treatment period for alterations in the disease pathologies
should be considered. While we found no changes in inflammation or pathology
severity, we believe that this could be a result of ending our study at 24 weeks of age, a
time point where the 3xTg-AD mice model amyloidosis, but not tauopathy. Additionally,
in a longitudinal study we performed simultaneously with the present study, we sampled
3xTg-AD and WT mice gut microbiota compositions over 52 weeks of age, and found
that the gut microbiota composition of 3xTg-AD mice was significantly different in the
first 24 weeks of age, and more similar to WT mice at 52 weeks of age®®. With these
findings, an FMT study transplanting between young 3xTg-AD and WT mice of the
same age, or a cohousing of young 3xTg-AD and WT mice, with sampling to 52 weeks
of age. This study design would allow for exploration of how the gut microbiota
composition from young 3xTg-AD mice alters WT mice who are not genetically
predisposed to AD and the neurological and inflammatory effects of the gut microbiota
manipulation to better understand host-microbe interactions. Further, this would follow
the canonical that early life gut microbiota perturbations may lead to adverse health

outcomes later in life.8”

CONCLUSIONS

The need for exploration of non-invasive treatments, including fecal microbiota
transplantations, for Alzheimer’s disease is crucial for the rapidly growing aging
population. The present study showed successful engraftment of the gut microbiota

composition in mice using a 5 day initial treatment followed by fortnightly maintenance
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doses from older 3xTg-AD mice modeling Alzheimer’s diseases pathologies to young

3xTg-AD and WT mice. Microbiome features that were differentiated between 3xTg-AD

and WT mice included Bacteroides acidifaciens, Lactobacillus salivarius, Turicibacter

sp., and Prevotella sp. Interestingly, Bacteroides acidifaciens, a member of the

Bacteroides fragilis group, was present in 3xTg-AD-FMT, 3xTg-AD-PBS, and WT-FMT

treated mice, yet absent in WT mice. However, no changes in neuroinflammation were

observed. Based on our findings, future studies that utilize FMT treatment from young

transgenic AD mice, including co-housing studies, and extend the timeline for collection

of samples to 52 weeks will provide a better understanding of long term treatment

effects.

SUPPLEMENTAL MATERIALS

Table S1A: Pairwise PERMANOVA (Jaccard) of all 4 treatment groups at 8 weeks

Permutation

Group 1 Group 2 Sample size S pseudo-F p-value g-value
3xTg-AD- 1.90078079

FMT 3xTg-AD-PBS 8 999 6 0.032 0.032
3xTg-AD- 4.33284743

FMT WT-FMT 14 999 4 0.003 | 0.0036
3xTg-AD- 4.06119544

FMT WT-PBS 14 999 2 0.003 | 0.0036
3xTg-AD- 3.61452434

PBS WT-FMT 14 999 9 0.002 | 0.0036
3XTg-AD-

PBS WT-PBS 14 999 3.47345118| 0.001 0.003
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Table S1B: Pairwise PERMANOVA (Jaccard) of all 4 treatment groups at 16 weeks

Permutation

Group 1 Group 2 Sample size S pseudo-F p-value g-value

3xTg-AD- 2.38502434

FMT 3xTg-AD-PBS 8 999 6 0.027 | 0.027

3xTg-AD- 2.65265470

FMT WT-FMT 10 999 8 0.006 | 0.0105

3xTg-AD- 3.45363648

FMT WT-PBS 9 999 9 0.011 | 0.0132

3xTg-AD- 2.18879944

PBS WT-FMT 10 999 7 0.006 | 0.0105

3xTg-AD- 2.81649042

PBS WT-PBS 9 999 4 0.007 | 0.0105
1.74113545

WT-FMT WT-PBS 11 999 5 0.002 | 0.0105

Table S1C: Pairwise PERMANOVA (Jaccard) of all 4 treatment groups at 24 weeks

Permutation

Group 1 Group 2 Sample size S pseudo-F p-value g-value
3xTg-AD- 2.27458459

FMT 3xTg-AD-PBS 6 999 3 0.111 | 0.111
3xTg-AD- 3.59911515

FMT WT-FMT 8 999 9 0.017 | 0.0228
3xTg-AD- 3.39475393

FMT WT-PBS 10 999 7 0.011 [ 0.022
3xTg-AD- 3.58251839

PBS WT-FMT 8 999 2 0.019 | 0.0228
3xTg-AD- 3.34803941

PBS WT-PBS 10 999 1 0.007 | 0.021
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Table S1D: Pairwise PERMANOVA (Unweighted Unifrac) of all 4 treatment groups at 8
weeks

Permutation

weeks

Group 1 Group 2 Sample size S pseudo-F p-value g-value
3xTg-AD- 2.32392094
FMT 3xTg-AD-PBS 8 999 3 0.034 0.034
3xTg-AD- 6.24741837
FMT WT-FMT 14 999 6 0.004 | 0.0048
3xTg-AD- 4.21707538
FMT WT-PBS 14 999 6 0.004 | 0.0048
3xTg-AD- 5.47673117
PBS WT-FMT 14 999 2 0.004 | 0.0048
3xTg-AD- 3.55070385
PBS WT-PBS 14 999 6 0.001 0.003
3.12887817
WT-FMT WT-PBS 20 999 5 0.001 0.003
Table S1E: Pairwise PERMANOVA (Unweighted Unifrac) of all 4 treatment groups at 16

Permutation

Group 1 Group 2 Sample size S pseudo-F p-value q-value
3xTg-AD- 2.63017761

FMT 3xTg-AD-PBS 8 999 2 0.032 | 0.032
3xTg-AD-

FMT WT-FMT 10 999 3.42509336( 0.007 | 0.015
3xTg-AD- 5.04828580

FMT WT-PBS 9 999 6 0.016 | 0.0192
3xTg-AD-

PBS WT-FMT 10 999 2.5301344 | 0.008 | 0.015
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Table S1F: Pairwise PERMANOVA (Unweighted Unifrac) of all 4 treatment groups at 24
weeks

Permutation

Group 1 Group 2 Sample size S pseudo-F p-value g-value
3XTg-AD-

FMT 3xTg-AD-PBS 6 999 2.08242525| 0.095 | 0.095
3xTg-AD- 3.79831665

FMT WT-FMT 8 999 8 0.027 | 0.0324
3xTg-AD- 3.26837135

FMT WT-PBS 10 999 2 0.006 0.03
3xTg-AD- 4.69029803

PBS WT-FMT 8 999 9 0.021 | 0.0315
3xTg-AD- 4.07505272

PBS WT-PBS 10 999 1 0.011 0.03

1.62861812

WT-FMT WT-PBS 12 999 4 0.015 0.03

Table S2: Differential abundance between all 4 treatment groups using Analysis of
Composition of Microbiomes (ANCOM) collapsed at species level at week 8, 16, and
24. W represents the number of features that the taxa is more abundant than.

Features Collapsed at Genus Level W Week
Bacteroides spp. 52 8
Lactobacillus spp. 52 8
Bacteroides acidifaciens 52 8
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Lactobacillus salivarius 56 16
Bacteroides spp. 56 16
Bacteroides acidifaciens 54 16
Lactobacillus 54 16
Prevotella spp. 53 16
Akkermansia muciniphila 51 16
Bacteroides acidifaciens 66 24
Lactobacillus 64 24
Lactobacillus salivarius 61 24

Table S3A: Differential abundance between 3xTg-AD and WT mice treated with FMT
using Analysis of Composition of Microbiomes (ANCOM) collapsed at species level at
week 8, 16, and 24. W represents the number of features that the taxa is more

abundant than.
Features Collapsed at Genus Level wW Week Treatment
Bacteroides acidifaciens 50 8 FMT
Lactobacillus sp. 49 16 FMT
Bacteroides acidifaciens 49 16 FMT
Lactobacillus sp. 53 24 FMT

Table S3B: Differential abundance between 3xTg-AD and WT mice treated with PBS
using Analysis of Composition of Microbiomes (ANCOM) collapsed at species level at
week 8, 16, and 24. W represents the number of features that the taxa is more
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abundant than.

Features Collapsed at Genus Level W Week Treatment
Lactobacillus sp. 44 8 PBS
Bacteroides sp. 43 8 PBS
Bacteroides sp. 43 16 PBS
Bacteroides acidifaciens 39 16 PBS
Lactobacillus sp. 39 16 PBS
Prevotella spp. 38 16 PBS
Lactobacillus salivarius 35 16 PBS
Akkermansia muciniphila 34 16 PBS
Bacteroides acidifaciens 60 24 PBS
Prevotella spp. 52 24 PBS
Lactobacillus sp. 52 24 PBS

Table S4: gPCR gene biomarkers included in the custom RT-

gPCR assay

Marker types

Genes

Th1/Th17

astrocyte reactivity

i12, illbeta, il-6, ifn-gamma, tnf-
alpha

il-6
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M1/M2 macrophage ccl2, il1B, il4, arg1, iNOS, il-10
activation/microgliosis

control/housekeeping GAPDH, GDC, PPC, RTC
(QIAGEN)

Arg1 FMT Nos2 FMT Ccl2 EMT
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Supplemental Figure 1. Relative gene expression of Argl, Nos2 and Ccl2 in the
hippocampus at 24 weeks of age. Hippocampus from 3xTg-AD-FMT, 3xTg-AD-PBS,
WT-FMT, and WT-PBS mice were collected at 24 weeks of age. No statistical
significance found. A) Gene expression of Nos2. B) Gene expression of Argl. C) Gene
expression of Ccl2. Samples that did not amplify have been excluded from the violin

plots and statistical analysis.
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CHAPTER 4: Shallow shotgun metagenomic sequencing of observational and
interventional studies in 3xTg-AD mice Alzheimer’s disease pathologies reveals unique

species- and strain- level gut microbes

ABSTRACT

There is mounting evidence to support the involvement of the gut microbial communities
and their impact on host health in Alzheimer’s disease (AD) via the gut microbiota-brain
axis, yet only one study to date has employed the highly accurate taxonomic profiling of
shallow shotgun metagenomic sequencing (SSMS) in 5xFAD mice, which model

amyloid-3 plaques. For the first time in 3xTg-AD mice, which model amyloid-3 plaques
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and neurofibrillary tangles, we investigate the gut microbiota composition using SSMS
to provide accurate species and strain level taxonomic classification. In an observational
study, fecal samples were sequenced at three time points; 2 months (pre-pathology,
n=6 3xTg-AD, n=10 WT), 6 months (modeling amyloidosis, n=15 3xTg-AD, n=8 WT),
and 12 months (modeling amyloidosis and neurofibrillary tangles, n=18 3xTg-AD, n=6
WT). Secondarily, we performed a fecal microbiota transplant (FMT) from aged 3xTg-
AD mice (12-19 months) into young WT and 3xTg-AD mice. In this study, samples were
sequenced pre-FMT treatment at 2 months of age (n=5 3xTg-AD, n=10 WT), and after
16 weeks of FMT treatment at 6 months of age (n=5 3xTg-AD, n=10 WT). Alpha
diversity, beta diversity, differential abundance, and a clustered heatmap analysis were
performed with QIIME2. In the longitudinal study, observed features are reduced in
3xTg-AD mice at 6 months compared to WT mice (Kruskal-Wallis all group, p-value =
0.046), and Bray-Curtis demonstrates distinct differences between 3xTg-AD and WT
mice at 2, 6, and 12 months of age. Ligilactobacillus species are differentially abundant
when comparing WT and 3xTg-AD mice at 2 and 6 months, while the heatmap reveals
difference in relative proportion of species in Bacteroides and Turicibacter between
mouse genotype and time points. In the FMT study, observed features are increased in
PBS-treated WT mice compared to the other groups at 6 months (Kruskal-Wallis all
group, p=0.025), and Bray-Curtis demonstrates distinct differences between treatment
groups at 2 and 6 months of age. Ligilactobacillus species are differentially abundant
between FMT treatment groups at 2 and 6 months, while the heatmap reveals
difference in relative proportion of Limosiloactobacillus reuteri, Duncaniella dubosii, and

species in Bacteroides and Turicibacter between FMT treatment group before and after
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treatment. These analyses reveal new findings on the distinct gut microbiota
composition associated with AD pathologies, with and without FMT intervention, using

SSMS.

INTRODUCTION

The discovery of the 16S rRNA gene for microbial classification by Carl Woese in 1977
has allowed scientists to uncover the 98-99% of microbes that are unculturable in the
lab setting.! The communities of microbes and their genetic material that inhabit a
defined niche, termed the microbiome, has revolutionized our understanding of complex
microbial ecosystems and their interactions.? Further, the field of microbiome sciences
has revealed the invisible world of microorganisms that have evolved to benefit
ecosystems, including the intricate microbial life within and on the human body.3 Early
microbiome studies used gene amplification methods, including 16S rRNA gene,
ITS1/ITS2, and 18S rRNA gene to classify bacterial, fungal, and eukaryotic microbial
communities.* However, amplicon sequencing limits the resolution of microbial
classification due to short sequence reads of one, or a few, hypervariable genes.®> The
future of microbiome studies relies on the use of RNAseq, metabolomics, proteomics,
and shotgun sequencing, collectively known as multi-omics, to elucidate the functional

capacities of the microbiome, and their impact on host health.®

Neurodegenerative diseases are associated with shifts in the gut microbial communities
of both murine models’~1° and patients with Parkinson’s disease,'! Huntington’s

disease,'? multiple sclerosis,*® and Alzheimer’s disease (AD).1* AD is the most common
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cause of dementia, affecting 1 in 9 people over the age of 65.1° Recent studies have
investigated how a shift in the microbiome composition,6-8 or the absence of the gut
microbiota,® affects disease manifestation in transgenic mice modeling AD pathologies.
Probiotic and fecal microbiota transplantation methods have shown to alleviate or
exacerbate cognitive impairment?® and amyloidosis?® in transgenic AD murine
models.?%-2? Yet, few studies have used shotgun metagenomic sequencing to provide
deeper resolution of microbial communities across all three domains of life in the

gastrointestinal tract in AD.?3-26

In this study, we sought to further characterize the gut microbiome in 3xTg-AD mice
using shallow shotgun metagenomic sequencing (SSMS) to reveal strain- and species-
level microbes, and their metabolic potential, in one observational and one
interventional study design. We hypothesized that SSMG would greatly improve the
taxonomic resolution over our prior studies using 16S rRNA gene sequencing. Further,
our prior studies have demonstrated that Bacteroides may play a critical role in the
pathologies associated with AD, however, we were unable to accurately speciate
Bacteroides using 16S rRNA gene sequencing. A second aim of our study was to

differentiate the Bacteroides species within the 3xTg-AD gut microbiome.

METHODS

Transgenic mouse models: 3xTg-AD (with overexpression of APP(Swe),
PSEN1(M146V), and MAPT(P301L) transgenes) and Wild Type (B6129F2/J; WT)

breeders and FMT study mice were purchased from Jackson Laboratory (Bar Harbor,
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Maine). All mouse experiments were approved by the Institutional Animal Use and Care

Committee of Northern Arizona University under protocol 18-016.

Longitudinal study mouse colonies: Mice were purchased from Jackson Laboratory
(3xTg-AD, WT), and allowed seven days to acclimate to the Animal Facility at Northern
Arizona University. Mice were then combined into harems, housed in a 12 hour
light/dark cycle, and provided food and water ad libitum. In-house bred mice were
weaned at 21 days of age and female mice of the same strain were separated and
housed in cages of three to five mice for the remainder of the animal study (n=88 total
mice, n=57 3xTg-AD, n=31 WT). Weaned female mice were given one week to
acclimate and adjust to their new food prior to the first sample collection. Fecal samples

were collected directly from each mouse fortnightly starting at 4 weeks until sacrifice for

longitudinal gut microbiota analysis and were stored at =80 °C until further processing.

Mice were euthanized with CO, at 8, 24, or 52 weeks. Sample sizes are as follows;
3xTg-AD (n = 6 at 2 months, n = 15 at 6 months, n = 18 at 12 months) and WT (n = 10

at 2 months, n = 8 at 6 months, and n = 6 at 12 months).

FMT Study: All mice were purchased from Jackson Laboratory, including aged 3xTg-
AD donors, and allowed 5 days to acclimate. Cages housed 5 mice and were provided
food and water ad libitum. Fecal samples were collected directly from each mouse

fortnightly starting at 8 weeks until sacrifice for longitudinal gut microbiota analysis and

were stored at =80 °C until further processing. Mice were euthanized with CO, at 24
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weeks of age. Sample sizes are as follows; 3xTg-AD-FMT (n = 5), 3xTg-AD-PBS (n =
5), WT-PBS (n = 10), and WT-PBS (n = 10). For immunohistochemistry (not included in
this manuscript), 2-3 mice were sacrificed per group using transcardial perfusion and do

not have 24 week fecal sample timepoints.

Genotyping: Ear punches were collected at 4 weeks from 3xTg-AD mice for
genotyping. DNA was extracted using the Qiagen Blood and Tissue kit (Qiagen, Hilden,
Germany). PCR was run with the KAPA mouse genotyping kit and Jackson Laboratory
approved primers for APPSwe and P301L transgenes. Amplicons were run on a 3%
agarose gel to confirm the presence of bands representing APP(Swe) and

MAPT(P301L) genes (ThermoFisher, Waltham, Massachusetts).

Nucleic Acid Extraction and shallow shotgun metagenomic sequencing: DNA and
RNA were extracted in parallel from feces using the MagMAX Pathogen RNA/DNA Kit
from ThermoFisher. Extractions were performed in a Class |l Biosafety Cabinet using
protocols adopted from eukaryotic cell culture to protect the samples from
contamination (i.e., decontaminate all materials with 70% EtOH to bring into the BSC,
double glove while in the BSC, and don single use PPE while working in the BSC).
Modifications to the protocol include the use of Lysing Matrix E tubes (MP Biomedical,
Irvine, California) for bacterial and fungal lysis. Both DNA and RNA were quantified
using a NanoDrop 2000. Library was prepped with the Nextera XT DNA Library Prep Kit
and indexed with TG Nextera® XT Index Kit v2 Set A (lllumina, San Diego, California).

DNA libraries were quantified using fluorometry and pooled at equimolar ratios. Quality

147



of the pool was assessed with the Bioanalyzer DNA 1000 chip (Agilent Technologies,
Santa Clara, California) then combined with 1% PhiX for sequencing. A total of 4 pools
were sequenced using the NextSeq 500/550 High Output Kit v2.5 (150 Cycles)

(lMumina, San Diego, California). All sequencing was done on the lllumina NextSeq.

Bioinformatics Analysis: Shotgun sequence reads were processed utilizing a tailor-
made bioinformatic workflow designed to automate and improve the computational
reproducibility of operational taxonomic unit (OTU) based metagenomic analyses.
Sequence read quality was assessed using a combination of fastqc and multigc.?” Host
DNA was identified as reads contaminants and were removed using KneadData

(https://github.com/biobakery/kneaddata).?® Species-level taxonomic classifications and

relative abundance estimations of microbial reads were performed using Kraken2 and
Bracken.?®:30 Kraken2 is a taxonomic profiling program that classifies archaea, bacteria,
viruses, fungi, and other eukaryotic microbes, while Bracken is a taxonomic profiling
program limited to the classification of archaea and bacteria. Sequence references were
downloaded and compiled together from the NCBI nucleotide database

(https://iwww.ncbi.nim.nih.gov/nuccore/). Subsequent report files were compiled into a

single BIOM formatted file using kraken-biom (https://github.com/smdabdoub/kraken-

biom). Microbiome bioinformatics were performed with QIIME 2 version 2022.2.
Taxonomy was assigned to reads using g2-feature-classifier and the NCBI reference
database.3'32 Observed features were computed with g2-diversity®3. Beta diversity
(community dissimilarity) metrics were computed with g2-diversity, including Bray-Curtis
dissimilarity and Jaccard dissimilarity distances. Group comparisons of alpha diversity

were performed with non-parametric Wilcoxon tests, and group comparisons of beta
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diversity were performed with non-parametric PERMANOVA3*. Taxa that were
differentially abundant across mouse genotypes or mouse genotype-treatment groups
were identified using ANCOM.® All P-values were corrected for multiple comparisons
using the Benjamini-Hochberg False Discovery Rate correction. The heatmaps were
produced with g2-sample-classifier filtering for a minimum abundance of 0.001 and

minimum prevalence of 0.25.36

RESULTS

Analysis of gut microbiota composition using SSMS in observational and

interventional studies

To assess species- and strain- level bacteria, archaea, fungi, viruses, and other
eukaryotic microbes in an observational study, we collected fecal samples from 2, 6,
and 12 months of age from 3xTg-AD and B6129F2/J (WT) mice. These three timepoints
represent the gut microbiota composition associated with pre-pathology, amyloidosis,
and amyloidosis with tauopathy (Figure S1). For the interventional study, a fecal
microbiota transplantation was performed from female donor mice (12-19 months of
age) to 2 month old 3xTg-AD and WT mice for five consecutive days, followed by
fortnightly FMT treatments until 6 months of age. Fecal samples were collected at 2
months and 6 months and from donor mice to assess which microbial features were

engrafted from the donor microbiota by 6 months of age.
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Sequencing depth using 16S rRNA gene sequencing compared to SSMS

To demonstrate the improved sequencing depth for SSMS compared to 16S rRNA gene
sequencing, we computed the average sequencing depth for the observational and
interventional studies by sequencing technique. The average sequencing depth for the
observational study using 16S rRNA gene sequencing had a sample frequency of
26,098 on average, while SSMS yielded 2.74 million reads on average per sample after
trimming. Similarly, the average depth for the observational study using 16S rRNA gene
sequencing had a sample frequency of 21,694, while SSMS yielded 2.09 million reads

on average per sample after trimming.

Non-phylogenetic alpha diversity metrics reveal 3xTg-AD mice have lower

microbial diversity associated with disease pathology modeling

To investigate the differences within and between gut microbiota composition, alpha
and beta diversity analysis were performed on the longitudinal and observation studies
in 3XxTg-AD mice. Alpha diversity, or within sample diversity, was analyzed using
Observed Features and Shannon Diversity Index at 2, 6, and 12 months of age using
Kraken2 and Bracken. Kraken2 is a taxonomic profiling program that classifies archaea,
bacteria, viruses, fungi, and other eukaryotic microbes, while Bracken is a taxonomic

profiling program limited to the classification of archaea and bacteria.

In the longitudinal mouse study with Bracken, we observed reduced alpha diversity
(observed features) at 2 and 6 months of in WT mice compared to 3xTg-AD mice,

though this only reached statistical significance at 6 months of age (Fig 1B; Kruskal-
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Wallis, p-value = 0.045). No statistically significant difference in alpha diversity was
observed at 12 months of age between WT and 3xTg-AD mice (Fig. 1C). It is possible
that the lower sampling frequency at 2 months (Kruskal-Wallis, p-value = 0.17791) and
12 months (Kruskal-Wallis, p-value = 0.200217) decreased the statistical power of the
comparisons, as we computed a power size of 8 samples/genotype/timepoint in a
previous power calculation using R (pwr.anova.test(k=6, n=8, f=.55,sig.level=.05)). In
the longitudinal study with Kraken 2, we observed non significant trend towards
decreased observed features in WT mice at 2 months (Kruskal-Wallis, p-value =
0.391267) and 6 months (Kruskal-Wallis, p-value = 0.067889) of age compared to 3xTg-
AD mice, and a non significant trend towards increased observed features in WT

compared to 3xTg-AD mice at 12 months of age (Kruskal-Wallis, p-value = 0.200217).
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Figure 1. Observed Features at 2, 6, and 12 months of age in 3xTg-AD and WT
mice using Bracken. A) Observed features trend towards a non-significant decrease in
WT mice compared to 3xTg-AD at 2 months of age (Kruskal-Wallis, p-value = 0.17791).
B) Observed features are significantly decreased in WT mice compared to 3xTg-AD at 6
months of age (Kruskal-Wallis, p-value = 0.04461). C) Observed features trend towards
a non-significant increase in WT mice compared to 3xTg-AD at 12 months of age
(Kruskal-Wallis, p-value = 0.200217).
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Weighted beta diversity metrics suggest highly abundant taxa are driving

differences in 3xTg-AD mice compared to WT mice

Beta diversity (between-sample) metrics were used to identify compositional differences
in the bacterial gut microbiota between 3xTg-AD and WT mice at 2, 6, and 12 months of
age. We applied Bray Curtis dissimilarity index and Jaccard similarity index, which are
weighted and unweighted metrics, respectively, with taxonomy from Bracken and
Kraken2. PCoA of Jaccard using Kraken2 (Figure 2A) and Bracken (Figure 2C) show
separation between 3xTg-AD and WT mice at 2 months of age [(Kraken2
PERMANOVA, p=0.028, f-statistic=1.292549; Bracken PERMANOVA, p=0.018, f-
statistic=1.348104)], but not at 6 months [(Kraken2 PERMANOVA, p=0.234, f-
statistic=1.028158; Bracken PERMANOVA, p=0.299, f-statistic=1.019968)] or 12
months of age [(Kraken2 PERMANOVA, p=0.142, 1.061627; Bracken PERMANOVA,
p=0.051, f-statistic=1.114975)]. PCoA of Bray Curtis using Kraken2 (Figure 2B) and
Bracken (Figure 2D) shows separation between 3xTg-AD and WT mice at 2 months
[(Kraken2 PERMANOVA, p=0.001, f-statistic=6.610184; Bracken PERMANOVA,
p=0.005, f-statistic=6.652388)], 6 months [(Kraken2 PERMANOVA, p=0.001, f-
statistic=3.668729; Bracken PERMANOVA, p=0.001, f-statistic=3.703339)], and 12
months (Kraken2 PERMANOVA, p=0.015, f-statistic=3.518673; Bracken PERMANOVA,
p=0.021, f-statistic=3.428344)] of age. These findings suggest high abundance
microbial communities are driving the differences between 3xTg-AD and WT mice,
which contrasts our previous findings where unweighted metrics showed more

separation between mouse genotype.
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Figure 2. Weighted metric beta diversity PCoA demonstrates a strong separation
between 3xTg-AD and WT mice at 2, 6, and 12 months of age. A) PCoA of Jaccard
similarity index using Kraken2. This plot shows clear separation by mouse genotype at
2 months (PERMANOVA, p=0.028, f-statistic=1.292549), but no clear separation based
on age or mouse genotype at 6 months (PERMANOVA, p=0.234, f-statistic=1.028158)
or 12 months of age (PERMANOVA, p=0.142, 1.061627). B) PCoA of Bray-Curtis
dissimilarity index using Kraken2. This plot demonstrates clear separation by mouse
genotype at 2 months (PERMANOVA, p=0.001, f-statistic=6.610184), 6 months
(PERMANOVA, p=0.001, f-statistic=3.668729), and 12 months of age (PERMANOVA,
p=0.015, f-statistic=3.518673).C) PCoA of Jaccard dissimilarity index using Bracken.
This plot shows clear separation by mouse genotype at 2 months (PERMANOVA,
p=0.018, f-statistic=1.348104), but no clear separation based on age or mouse
genotype at 6 months (PERMANOVA, p=0.299, f-statistic=1.019968) or 12 months of
age (PERMANOVA, p=0.051, f-statistic=1.114975). D) PCoA of Bray-Curtis dissimilarity
index using Bracken.This plot demonstrates clear separation by mouse genotype at 2
months at 2 months (PERMANOVA, p=0.005, f-statistic=6.652388), 6 months
(PERMANOVA, p=0.001, f-statistic=3.703339), or 12 months of age (PERMANOVA,
p=0.021, f-statistic=3.428344).
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Identifying microbial features that differentiate mouse genotype using a heatmap

To further explore the relative proportions of important microbial features between
mouse genotypes, a heatmap was produced with the parameters including microbial
features with prevalence of at least 0.001 in at least 25% of the longitudinal samples at
2, 6, and 12 months of age (Figure 3). The clustered heatmap shows increased
abundance of Ligilactobacillus animalis, Ligilactobacillus murinis, and Ligilactobacillus
sp. in WT mice compared to 3xTg-AD mice at all the time points. Turicibacter sp.,
Turicibacter sanguinis, and Turicibacter sp. H121 were enriched at 2 months of age, but
depleted by 6 and 12 month age time points. By 12 months of age, 3xTg-AD mice are
enriched with Bacteroides CBA7301, Bacteroides xylanisolvens, Bacteroides caccae,
Bacteroides ovatus, Bacteroides thetaiotaomicron, and Bacteroides fragilis. Finally,

Faecalibacterium rodentium is enriched in 3xTg-AD mice at 6 and 12 months of age.
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Figure 3. Heat map of microbial features in the longitudinal study. Relative
proportion of microbial features parameters with a prevalence of at least 0.001 in at
least 25% of the longitudinal samples at 2, 6, and 12 months of age.
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Differential abundance analysis reveals three Ligilactoabillus species drive
differences between the gut microbiota composition between 3xTg-AD and WT
mice
To identify differentially abundant microbial communities at each time point, Analysis of
Compositions of Microbiomes (ANCOM) was run at 2, 6, and 12 months on longitudinal

mice and 2 and 6 months in FMT mice. At 2 and 12 months of age, Ligilactobacillus
animalis, Ligilactobacillus murinis, and Ligilactobacillus sp. were differentially abundant
between 3xTg-AD and WT mice, but not at 6 months of age. A sub-analysis was
performed where Ligilactobacillus animalis, Ligilactobacillus murinis, and
Ligilactobacillus sp. were filtered to investigate other taxa that are differentially
abundant, but not significant when compared to Ligilactobacillus sp. that are highly

enriched in the gut microbiota composition.

Table 1: Differential abundance between 3xTg-AD and WT mice using Analysis of Composition of
Microbiomes (ANCOM) collapsed at species level at 2, 6, and 12 months. W represents the number of
features that the taxa is more abundant than.

Features Collapsed at Species Level W Month
Ligilactobacillus animalis 7771 2
Ligilactobacillus murinus 7771 2

Ligilactobacillus sp. 7771 2
Ligilactobacillus murinus 7940 12
Ligilactobacillus sp. 7940 12
Ligilactobacillus animalis 3967 12
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Observed features decreased in all treatment groups compared to PBS treated

WT mice following 16 weeks of FMT treatment.

Observed features, an alpha diversity metric that measures the number of unique taxa
found in sample groups, was explored to identify differences across FMT treatment
groups. At 2 months of age, when FMT treatments begin, there are no differences
across all four treatment groups (FMT - 3xTg-AD, FMT - WT, PBS - 3xTg-AD, and PBS
- WT) in all group (Kruskal-Wallis all group, p-value = 0.32311) or pairwise comparisons
(Supplemental Table 1) using Bracken data (Figure 4A). At 6 months of age, following
12 weeks of FMT treatments, there was a significant difference between FMT treatment
groups (p-value = 0.04387) using Bracken data (Figure 4B). Observed features were
significantly increased in PBS treated WT mice when compared to FMT treated 3xTg-
AD (Kruskal-Wallis all group, p-value = 0.025347), PBS - treated 3xTg-AD mice
(Kruskal-Wallis pairwise, p-value = 0.049535), but not PBS treated WT mice (Kruskal-
Wallis pairwise, p-value = 0.025347). Using the Kraken2 data, we observed no
difference in observed features between all four treatment groups at 2 months (Kruskal-
Wallis pairwise, p-value = 0.257286) and 6 months (Kruskal-Wallis pairwise, p-value =

0.055772) of age.
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Figure 4. Observed Features at 2 and 6 months of age in FMT and PBS treated
3xTg-AD and WT mice using Bracken. A) Observed features do not differ between all
four treatment groups (FMT - 3xTg-AD, FMT - 3xTg-AD, PBS - 3xTg-AD, and PBS -
WT) at 2 months of age, when FMT treatment begins (Kruskal-Wallis all group, p-value
=0.32311). B) Observed features are significantly different between all four treatment
groups at 6 months of age, following the 12 weeks of FMT treatment (Kruskal-Wallis all
group, p-value = 0.04387).
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Weighted beta diversity metrics suggest highly abundant taxa are driving
differences between mouse genotype at 2 months and by treatment group at 6

months

Beta diversity metrics were used to identify compositional differences in the bacterial gut
microbiota between all four treatment groups at 2 months of age and 6 months of age,
representing pre-FMT treatment and post-FMT treatment. To explore these differences
in microbiota composition, we produced PCoA plots of Jaccard similarity index and Bray
Curtis dissimilarity index, which are unweighted and weighted metrics, respectively, with
taxonomy from Bracken and Kraken2. PCoA of Jaccard using Kraken2 (Figure 5A) and
Bracken (Figure 5C) show separation all treatment groups at 2 months of age

[(Kraken2 PERMANOVA, p<0.05; Bracken PERMANOVA, p<0.05], regardless of
treatment group, except FMT - 3xTg-AD compared to PBS - 3xTg-AD and PBS - 3xTg-
AD compared to PBS - WT (Supp. Tables 2A and 2B). At 6 months, PCoA of Jaccard
using Kraken2 (Figure 5A) and Bracken (Figure 5C) show separation between all
treatment groups [(Kraken2 PERMANOVA, p<0.05; Bracken PERMANOVA, p<0.05],
except FMT - 3xTg-AD compared to PBS - 3xTg-AD and PBS - 3xTg-AD compared to
PBS - WT (Supp. Tables 2C and 2D). PCoA of Bray Curtis using Kraken2 (Figure 5A)
and (Figure 5B) and Bracken (Figure 5D) show separation all treatment groups at 2
months of age [(Kraken2 PERMANOVA, p<0.05; Bracken PERMANOVA, p<0.05],
regardless of treatment group, except FMT - 3xTg-AD compared to PBS - 3xTg-AD,
FMT - WT compared to PBS - WT, and PBS - 3xTg-AD compared to PBS - WT (Supp.
Tables 2D and 2E). At 6 months, PCoA of Jaccard using Kraken2 (Figure 4B) and

Bracken (Figure 4D) show separation between all treatment groups [(Kraken2
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PERMANOVA, p<0.05; Bracken PERMANOVA, p<0.05], except FMT - 3xTg-AD
compared to PBS - 3xTg-AD, FMT - WT compared to PBS - WT, and PBS - 3xTg-AD
compared to PBS - WT (Supp. Tables 2F and 2G). These findings suggest high
abundance microbial communities are driving the differences between mouse genotype
at 2 months of age, regardless of treatment group, and drive differences by treatment
group at 6 months of age.

B)

A) Bray-Curtis - Kraken PCoA

Axis 2 (13.65 %)

Jaccard - Kraken PCoA

Axis 2 (4.263 %)

" Genotype - Treatment

B FMT - 3xTg-AD
M vt -wT

[ PBs - 3xTg-AD
Bres-wT

Age (Months)
2 month

@ 5 month

C)

Axis 1 (5.390 %)

Jaccard - Bracken PCoA

Axis 1 (31.63 %)

D)

Bray-Curtis - Bracken PCoA

Axis 2 (4.210 %) Axis 2 (13.45 %)
-

Axis 1 (5.505 %) Axis 1 (31.70 %)

Figure 4. Non-phylogenetic beta diversity PCoA in the FMT Study. A) PCoA of
Jaccard similarity index using Kraken2. This plot shows separation by mouse genotype
at 2 months (PERMANOVA, p=0.001, f-statistic=1.20248) and by treatment groups at 6
months (PERMANOVA, p=0.001, f-statistic=1.23128). B) PCoA of Bray-Curtis
dissimilarity index using Kraken2. This plot shows separation by mouse genotype at 2
months(PERMANOVA, p=0.004, f-statistic=2.44187) and by treatment groups at 6
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months (PERMANOVA, p=0.001, f-statistic=2.48154). C) PCoA of Jaccard dissimilarity
index using Bracken. This plot shows separation by mouse genotype at 2 months
(PERMANOVA, p=0.001, f-statistic=1.23201) and by treatment groups at 6 months
(PERMANOVA, p=0.001, f-statistic=1.21016). D) PCoA of Bray-Curtis dissimilarity index
using Bracken. This plot shows separation by mouse genotype at 2 months
(PERMANOVA, p=0.003, f-statistic=2.45507) and by treatment groups at 6 months
(PERMANOVA, p=0.002, f-statistic=2.45218).

Identifying microbial features that differentiate FMT treatment groups using a

heatmap

To further investigate the relative proportions of important microbial features in each
FMT treatment group, a heatmap was produced with the parameters including microbial
features with prevalence of at least 0.001 in at least 25% of the longitudinal samples at
2 and 6 months of age (Figure 6). The clustered heatmap shows decreased abundance
of Limosiloactobacillus reuteri in WT mice at 2 and 6 months compared to 3xTg-AD
mice, regardless of treatment group. Turicibacter sp., Turicibacter sanguinis, and
Turicibacter sp. H121 were elevated at 2 months in WT and 3xTg-AD mice, but
depleted in WT mice compared to 3xTg-AD mice at 6 months. Duncaniella dubosii is
enriched in FMT treated 3xTg-AD and WT mice at 6 months compared to 2 months.
FMT treated 3xTg-AD, FMT treated WT mice, and PBS treated 3xTg-AD mice were
enriched with Bacteroides CBA7301, Bacteroides xylanisolvens, Bacteroides caccae,
Bacteroides ovatus compared to PBS treated WT mice at 6 months. Bacteroides
thetaiotaomicron was enriched in WT mice at 2 months compared to 3xTg-AD mice,

regardless of treatment group.
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Figure 6. Heat map of microbial features in the FMT study. Relative proportion of
microbial features parameters with a prevalence of at least 0.001 in at least 25% of the
longitudinal samples at 2 and 6 months of age.
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Differential abundance analysis reveals three Ligilactoabillus species drive
differences between the gut microbiota composition between FMT treatment
groups

Limosiloactobacillus reuteri was differentially abundant when comparing FMT treated
3xTg-AD and FMT treated WT mice, as well as PBS treated 3xTg-AD and PBS treated
WT mice at 2 and 6 months of age. These findings suggest Limosiloactobacillus reuteri
was unaffected by the FMT treatments. Ligilactobacillus murinus was differentially
abundant in FMT treated 3xTg-AD and PBS treated 3xTg-AD mice at 6 months of age,
as well as PBS treated 3xTg-AD and PBS treated WT mice at 6 months of age. Finally,
Ligilactobacillus animalis was differentially abundant between PBS treated 3xTg-AD and
PBS treated WT, but not between FMT treated 3xTg-AD and FMT treated WT mice at 6
months of age. We hypothesize that introduction of microbes via FMT treatment may
outcompete Ligilactobacillus animalis in FMT treated WT mice by 6 months of age,

which is 16 weeks into consecutive fortnightly treatments.

Table 2: Differential abundance between all 4 treatment groups using Analysis of Composition of
Microbiomes (ANCOM) collapsed at species level at 2 and 6 months. W represents the number of
features that the taxa is more abundant than.

Features Collapsed at Species

Level W Higher Abundance Comparison Month
Limosiloactobacillus reuteri 7516 FMT - 3xTg-AD FMT - WT 2
Limosiloactobacillus reuteri 8155 PBS - 3xTg-AD PBS - WT 2

Ligilactobacillus murinus 7457 PBS - 3xTg-AD FMT - 3xTg-AD 6
Limosiloactobacillus reuteri 7898 FMT - 3xTg-AD FMT - WT 6
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Ligilactobacillus murinus 8145 PBS - 3xTg-AD PBS - WT

Limosiloactobacillus reuteri 8145 PBS - 3xTg-AD PBS - WT

Ligilactobacillus animalis 8143 PBS - 3xTg-AD PBS - WT
DISCUSSION

We have demonstrated SSMS yields higher taxonomic resolution when compared to
16S rRNA gene sequencing, and overall supports our previous findings. Using SSMS,
we identified differences in alpha and beta diversity metrics between mouse genotypes
and treatment groups, as well as microbial features at the species- and strain- level that
are differentially abundant in observational and interventional studies in 3xTg-AD mice
modeling AD pathologies. Further, the data presented supports our findings using 16S
rRNA gene sequencing, while providing deeper insight into the species and strain level

of the microbes identified in our previous work.

Gut microbiota alpha diversity is commonly used to assess host health.3” Reduced
alpha diversity is often associated with a disease state in both mice and humans, which
is being explored as a biomarker of neurological diseases, including AD.38 Our
observational study reveals fewer observed features in 3xTg-AD mice at 6 months,
when amyloidosis is first modeled. This may be attributed to the antimicrobial properties
of amyloid-p peptides, which have been shown to impact the gut microbiota in 5xFAD
mice.3° However, other studies in 3xTg-AD mice found no differences in alpha diversity

when comparing 3 and 5 month 3xTg-AD female mice*® and no differences in alpha
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diversity at 8, 12, 18, and 24 week old 3xTg-AD male mice compared to age-matched
WT mice.*! These differences may be attributed to our use of SSMS, compared to the
16S rRNA gene sequencing used in the other studies, as we found no differences in

alpha diversity on samples when sequenced the 16S rRNA gene amplicon.*?

Interestingly, in our 16S rRNA gene sequencing data, we observed that low abundance
taxa were driving differences, illustrated by significant separation between 3xTg-AD and
WT mice in unweighted beta diversity metrics (Jaccard Similarity Index and Unweighted
Unifrac), but not in weighed beta diversity metrics (Bray-Curtis Dissimilarity Index and
Weighted Unifrac). However, using SSMS, we observed high abundance taxa were
driving differences, illustrated by significant separation between 3xTg-AD and WT mice
in weighted beta diversity metrics (Bray-Curtis Dissimilarity Index ), but not in
unweighted beta diversity metrics (Jaccard Similarity Index). While the 16S rRNA gene
sequencing data analysis of beta diversity did include more samples per time point, the
differences between sequencing time may be due to more accurate taxonomic profiling
and more reads per sample using SSMS. Further, we hypothesize that certain highly
abundant taxonomic features are driving the significant differences in weighted metric
between 3xTg-AD and WT mice. Based on differential abundance testing (ANCOM),
relative abundance testing, and the heatmap, Ligilactobacillus murinus, Ligilactobacillus

animalis and Ligilactobacillus sp. are depleted in 3xTg-AD mice compared to WT mice.

To date, only one other study has used SSMS on a transgenic mouse model of AD. A

study by Dunham and colleagues investigated the gut microbiota using fecal and cecal
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samples from 5xFAD mice at 4, 8, 12, and 18 months of age.?® 5xFAD model
amyloidosis at 2 months of age and do not model neurofibrillary tangles, whereas the
mouse model used here (3xTg-AD) model amyloidosis at 6 months of age and
neurofibrillary tangles at 12 months of age. In 5XFAD mice, they observed similar
species in the mouse gut microbiome using SSMG, including Ligilactobacillus murinus,
Ligilactobacillus animalis, Limosiloactobacillus reuteri, Turicibacter sp. H121. The
majority of observed differences were at 18 months of age, when WT mice had
increased levels of L. reuteri and Turicibacter sp H121 compared to 5XxFAD mice. . In
3xTg-AD mice, we observed increased relative proportions of Turicibacter sp. H121 at 2
months, but abundance decreased as mice aged to 6 and 12 months to levels similar to
WT mice. In our WT mice, we show increased abundance of Ligilactobacillus murinus
and Ligilactobacillus animalis at 2 and 12 months of age, but not at 6 months.
Interestingly, we observed changes in the microbiome in early, pre-pathology
timepoints, which is in contrast to the study performed in 5XxFAD mice (they did not
sample pre-pathology development). Since these are two distinct models of AD, we
don’t expect to see exact convergence of findings, though we were encouraged to see
similar taxonomic groups in these two mouse models using SSMG, despite differences

in location and genotype.

In our FMT study, there was no difference in alpha diversity between FMT treatment
groups (FMT - 3xTg-AD, FMT - WT, PBS - 3xTg-AD, and PBS - WT) at prior to FMT
treatment at 2 months, as we anticipated due to no prior intervention. However,

following the FMT treatment, FMT - 3xTg-AD, FMT - WT, PBS - 3xTg-AD demonstrated
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fewer observed features compared to WT - PBS mice, suggesting that FMT treatment
and / or AD pathology modeling led to decreased alpha diversity. To our knowledge, no
other study transferring an AD-associated gut microbiota composition via co-housing or

FMT treatment has led to a significant change in alpha diversity.4344

Beta diversity analysis on our FMT study revealed that following treatment, there is not
a significant difference in gut microbiota composition using Bray-Curtis or Jaccard
metrics between FMT and PBS treated 3xTg-AD mice, suggesting that FMTs did not
significantly alter 3xTg-AD mice composition. No significant difference in composition
was shown between FMT treated WT mice and PBS treated 3xTg-AD mice using Bray-
Curtis or Jaccard metrics, implying that the FMT treatment did shift the WT phenotype
toward a 3xTg-AD phenotype. Finally, no difference was shown between PBS - WT and
PBS - 3xTg-AD mice at 6 months of age using Bray-Curtis, but was significantly
different using Jaccard, suggesting that less abundant taxa are driving differences

between the groups.

Based on differential abundance testing (ANCOM), Limosiloactobacillus reuteri,
Ligilactobacillus murinus, and Ligilactobacillus animalis between FMT treatment groups.
Interestingly, Limosiloactobacillus reuteri demonstrates increased abundance in 3xTg-
AD mice compared to WT mice before (2 months) and after (6 months) FMT treatment.
Additionally, Ligilactobacillus murinus and Ligilactobacillus animalis demonstrate
increased abundance in 3xTg-AD - PBS mice compared to other treatment groups. This
finding is similar to a study using SSMS to assess the gut microbiota of 5xFAD mice,

which demonstrated increased Ligilactobacillus murinus at 18 months in 5XFAD mice
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compared to WT mice.?® A heatmap was used to observe changes in lower abundance
taxa, which were not significant in ANCOM, even when run after filtering out
Ligilactobacillus murinus, Ligilactobacillus sp. and Ligilactobacillus animalis. Turicibacter
sp., Turicibacter sanguinis, and Turicibacter sp. H121 were enriched in 3xTg-AD and
WT mice at 2 months, yet only remained enriched in 3xTg-AD mice following treatment,
regardless of treatment group. AD-associated gut microbiota phenotypes have shown
increased Turicibacter species in studies investigating AD mouse models,?6:4546 yet
decreased in studies investigating human patients living with AD.44” Duncaniella
dubosii, a feature not identified in our 16S rRNA gene sequencing, was enriched in FMT
treated 3xTg-AD and WT mice at 6 months, compared to the FMT treatment groups at 2
months. Dunham and colleagues show decreased abundance of Duncaniella sp. PC9
and Duncaniella sp. B8 at 18 months in 5XFAD mice using SSMS, yet has not been
identified in any studies using 16S rRNA gene sequencing on mice modeling AD. We
hypothesize this is attributable to the high taxonomic resolution of SSMS, which
exemplifies the need for more SSMS studies to improve our understanding of the gut
microbial communities associated with AD pathologies. Finally, Bacteroides CBA7301,
Bacteroides xylanisolvens, Bacteroides caccae, Bacteroides ovatus were enriched in
FMT treated 3xTg-AD, FMT treated WT mice, and PBS treated 3xTg-AD compared to
PBS treated WT mice at 6 months. These findings suggest FMT treatment or
predisposition to AD pathologies both led to an increase in several Bacteroides species.
The genus Bacteroides are composed of Gram-negative bacteria that produce
lipopolysaccharide, an endotoxin that aggravates AD-associate neuroinflammation and

amyloid-B deposition.*® Taken together, these differences in the gut microbiota
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composition between treatment groups following FMT treatment using SSMS reveal
new insights into microbial features that were not identified using 16S rRNA gene

sequencing.

The improved taxonomic resolution of SSMS was shown in these observational and
interventional studies investigating the gut microbiota composition in 3xTg-AD mice
modeling amyloidosis and tauopathy. Our interventional study demonstrated distinct gut
microbiota composition between 3xTg-AD and WT mice at 2, 6, and 12 months using
beta diversity metrics, with differences in abundance of species in the Ligilactobacillus,
Turicibacter, and Bacteroides genera. Our FMT study showed increased alpha diversity
in PBS treated WT compared to all other treatment groups, with differences in
abundance of species in the Limosiloactobacillus, Ligilactobacillus, Duncaniella,

Turicibacter, and Bacteroides genera.

CONCLUSIONS

To develop microbiota-targeted therapeutic strategies for Alzheimer’s disease, we need
accurate and precise understanding of the gut microbiota composition associated with
disease pathologies. The use of shallow shotgun metagenomic sequencing to improve
taxonomic classification is imperative as we investigate disease mechanisms and
potential interventions to treat AD. This study demonstrates SSMS improves relative
abundance predictions, shows higher taxonomic resolution, and uncovers taxa not

found in traditional 16S rRNA gene sequencing. Based on these findings, future studies
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on the gut microbiota-brain axis and Alzheimer’s disease should implement SSMS to

improve study outcomes.

SUPPLEMENTAL MATERIALS
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Supplemental Figure 1. Longitudinal Study Design. Fecal sample collections from
3xTg-AD and WT mice at 8 weeks (pre-pathologies), 24 weeks (amyloidosis), and 52
weeks (amyloidosis and tauopathy). Image created using Biorender.com.

3xTg-AD 3xTg-AD; 3xTg-AD;
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Supplemental Figure 2. FMT Study Design. 3xTg-AD (n = 10) and WT (n = 20) were
separated into two treatment groups; fecal microbiota transplantation (FMT) and PBS
(control). Beginning at 8 weeks of age, five consecutive days of treatment were
administered (FMT or PBS), followed by fortnightly maintenance doses beginning at 10
weeks of age. Fecal samples were collected at 8 and 24 weeks of age. Image created
using Biorender.com.
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Table S1A: Pairwise Comparisons by FMT treatment groups at 2 months using Bracken

Group 1 Group 2 H p-value g-value

EMT - 3xTg-AD (n=5) FMT - WT (n=7) 1.285714 | 0.256839 | 0.513679
FMT - 3xTg-AD (n=5) PBS - 3xTg-AD (n=2) 0.857143 | 0.354539 | 0.569663
EMT - 3xTg-AD (n=5) PBS - WT (n=10) 0.32 0.571608 | 0.571608
FMT - WT (n=7) PBS - 3xTg-AD (n=2) 0.771429 0.379775 0.569663
FMT - WT (n=7) PBS - WT (n=10) 2.752381 0.09711 0.569663
PBS - 3xTg-AD (n=2) PBS - WT (n=10) 0.415385 | 0.519249 | 0.571608

Table S1B: Pairwise Comparisons by FMT treatment groups at 6 months using Bracken

Group 1 Group 2 H p-value g-value

FMT - 3xTg-AD (n=5) FMT - WT (n=5) 0.010909 0.916815 0.916815
FMT - 3xTg-AD (n=5) PBS - 3xTg-AD (n=3) 1.8 0.179712 | 0.269569
FMT - 3xTg-AD (n=5) PBS - WT (n=3) 5 0.025347 | 0.076042
FMT - WT (n=5) PBS - 3xTg-AD (n=3) 1.088889 0.296718 0.356061
FMT - WT (n=5) PBS - WT (n=3) 5 0.025347 | 0.076042
BS - 3xTg-AD (n=3) PBS - WT (n=3) 3.857143 0.049535 0.099069

Table S1C: Pairwise Comparisons by FMT treatment groups at 2 months using Kraken2

Group 1 Group 2 H p-value g-value

FMT - 3xTg-AD (n=4) FMT - WT (n=7) 1.285714 | 0.256839 | 0.513679
FMT - 3xTg-AD (n=4) PBS - 3xTg-AD (n=2) 0.857143 | 0.354539 | 0.531809
FMT - 3xTg-AD (n=4) PBS - WT (n=10) 0.02 0.887537 0.887537
FMT - WT (n=7) PBS - 3xTg-AD (n=2) 1.371429 0.241567 0.513679
FMT - WT (n=7) PBS - WT (n=10) 3.438095 | 0.063709 | 0.382255
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PBS - 3xTg-AD (n=2)

PBS - WT (n=10)

0.415385

0.519249

0.623099

Table S1D: Pairwise Comparisons by FMT treatment groups at 2 months using Kraken2

Group 1 Group 2 H p-value g-value

FMT - 3xTg-AD (n=5) FMT - WT (n=5) 0.010909 0.916815 0.916815
FMT - 3xTg-AD (n=5) PBS - 3xTg-AD (n=3) 0.555556 | 0.456057 | 0.547268
FMT - 3xTg-AD (n=5) PBS - WT (n=3) 5 0.025347 | 0.076042
FMT - WT (n=5) PBS - 3xTg-AD (n=3) 1.088889 0.296718 0.445076
FMT - WT (n=5) PBS - WT (n=3) 5 0.025347 | 0.076042
PBS - 3xTg-AD (n=3) PBS - WT (n=3) 3.857143 0.049535 0.099069

Table S2A: Pairwise PERMANOVA (Jaccard - Bracken) of all 4 treatment groups at 2 months

Sample

Group 1 Group 2 size  Permutations pseudo-F p-value g-value
FMT - 3xTg-AD FMT - WT 11 999 1.312269 | 0.006 | 0.018
FMT - 3xTg-AD | PBS - 3XTg-AD 6 999 1.101791 | 0.071 | 0.071
FMT - 3xTg-AD| PBS-WT 14 999 1.276537 | 0.006 | 0.018

FMT - WT PBS - 3xTg-AD 9 999 1.226093 | 0.056 | 0.0672

FMT - WT PBS - WT 17 999 1.224207 | 0.016 0.032
PBS - 3xTg-AD PBS - WT 12 999 1.184519 | 0.022 0.033

Table S2B: Pairwise PERMANOVA (Jaccard - Kraken2) of all 4 treatment groups at 2 months

Sample
Group 1 Group 2 size  Permutations pseudo-F p-value g-value
FMT - 3xTg-AD FMT - WT 11 999 1.342244 | 0.005 0.015
FMT - 3xTg-AD | PBS -3xTg-AD 6 999 1.045425 | 0.287 0.287
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FMT - 3xTg-AD|  PBS-WT 14 999 1.26397 | 0.004 | 0.015
FMT-WT | PBS-3xTg-AD | 14 999 1.26397 | 0.004 | 0.015
FMT - WT PBS - WT 9 999 1.197856 | 0.103 | 0.1236

PBS - 3xTg-AD|  PBS-WT 17 999 1.13994 | 0.051 | 0.0765

Table S2C: Pairwise PERMANOVA (Jaccard - Bracken) of all 4 treatment groups at 6 months

Sample

Group 1 Group 2 size  Permutations pseudo-F p-value g-value
FMT - 3xTg-AD| FMT-WT 11 999 1.372916 | 0.004 | 0.012
FMT - 3xTg-AD | PBS - 3xTg-AD 6 999 1.025513 | 0.336 | 0.336
FMT - 3xTg-AD|  PBS-WT 14 999 1.205438 | 0.004 | 0.012

FMT - WT PBS - 3xTg-AD 9 999 1.202408 | 0.081 | 0.0972

FMT - WT PBS - WT 17 999 1.205539 | 0.028 0.056
PBS - 3xTg-AD PBS - WT 12 999 1.168685 0.05 0.075

Table S2D: Pairwise PERMANOVA (Jaccard - Kraken?2) of all 4 treatment groups at 6

months
Sample

Group 1 Group 2 size  Permutations pseudo-F p-value g-value
FMT - 3xTg-AD| FMT-WT 11 999 1.363529 | 0.009 | 0.027
FMT - 3xTg-AD| PBS - 3xTg-AD 6 999 1.040883 | 0.182 0.182
FMT - 3xTg-AD PBS - WT 14 999 1.254939 | 0.001 | 0.006

FMT - WT PBS - 3xTg-AD 9 999 1.241094 | 0.059 | 0.0708

FMT - WT PBS - WT 17 999 1.217913 | 0.024 | 0.0375
PBS - 3xTg-AD PBS - WT 12 999 1.185397 | 0.025 | 0.0375

Table S2E: Pairwise PERMANOVA (Bray-Curtis - Bracken) of all 4 treatment groups at 2
months
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Sample

Group 1 Group 2 size  Permutations pseudo-F p-value g-value
FMT - 3xTg-AD|  FMT-WT 11 999 2.662255 | 0.015 | 0.045
FMT - 3xTg-AD| PBS - 3xTg-AD 6 999 3.229289 | 0.053 | 0.0795
FMT - 3xTg-AD|  PBS-WT 14 999 3.144929 | 0.008 | 0.045

FMT - WT PBS - 3xTg-AD 9 999 1.464203 | 0.214 0.214

FMT - WT PBS - WT 17 999 2.640202 | 0.026 0.052
PBS - 3xTg-AD PBS - WT 12 999 1.828204 | 0.08 0.096

Table S2F: Pairwise PERMANOVA (Bray-Curtis - Kraken2) of all 4 treatment groups at 2

months
Sample

Group 1 Group 2 size  Permutations pseudo-F p-value g-value
FMT - 3xTg-AD| FMT-WT 11 999 2.660177 | 0.026 | 0.052
FMT - 3xTg-AD| PBS - 3xTg-AD 6 999 3.291544 | 0.072 | 0.0864
FMT - 3xTg-AD| PBS-WT 14 999 3.133815 | 0.009 | 0.042

FMT - WT PBS - 3xTg-AD 9 999 1.479432 | 0.201 0.201

FMT - WT PBS - WT 17 999 2.579893 | 0.014 0.042
PBS - 3xTg-AD PBS - WT 12 999 1.831228 | 0.071 | 0.0864

Table S2G: Pairwise PERMANOVA (Bray-Curtis - Bracken) of all 4 treatment groups at 6

months
Sample
Group 1 Group 2 size  Permutations pseudo-F p-value g-value
FMT - 3xTg-AD FMT - WT 11 999 2.719967 | 0.017 0.042
FMT - 3xTg-AD PBS - 3xTg-AD 6 999 3.368204 | 0.061 | 0.0828
FMT - 3xTg-AD PBS - WT 14 999 3.113561 | 0.003 0.018

175




FMT - WT PBS - 3xTg-AD 9 999 1.497337 | 0.204 0.204
FMT - WT PBS - WT 17 999 2.563084 | 0.021 0.042
PBS - 3xTg-AD PBS - WT 12 999 1.829487 | 0.069 [ 0.0828

Table S2H: Pairwise PERMANOVA (Bray-Curtis - Kraken2) of all 4 treatment groups at 6

months
Sample
Group 1 Group 2 size Permutations pseudo-F p-value q-value
FMT - 3xTg-AD|  FMT-WT 11 999 2.752449 | 0.024 | 0.048
FMT - 3xTg-AD| PBS - 3xTg-AD 6 999 3.36523 | 0.062 | 0.093
FMT - 3xTg-AD|  PBS-WT 14 999 3.222682 | 0.011 | 0.048
FMT - WT PBS - 3xTg-AD 9 999 1.493346 | 0.213 0.213
FMT - WT PBS - WT 17 999 2.601309 | 0.016 0.048
PBS - 3xTg-AD PBS - WT 12 999 1.802226 | 0.093 | 0.1116
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CHAPTER 5: Gut microbiota adaptations to the environment of in-house bred versus
vendor bred B6129F2/J mice on the gut microbiota composition in the first six months of

life
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ABSTRACT

The use of murine models in research on microbe-host interaction is an essential tool
for pre-clinical microbiome studies. The gut microbiome, or the collective microbes and
their genomes that inhabit the gastrointestinal tract, plays an important role in various
aspects of health, including metabolite production, digestion of macronutrients, and
immune modulation. Over the last two decades, the gut microbiome has been
implicated in the pathophysiology of many diseases, notably inflammatory bowel
disease, autism spectrum disorder, and type-2 diabetes. With the need for new
research on the gut microbiota and human disease, the use of laboratory models in gut
microbiome research is essential translational research. However, recent studies have
shown significant changes in the gut microbiome of mice from different vendors,
introducing confounding factors that may alter research outcomes. Due to the profound
effects of early life gut microbiota perturbations on host health, minimizing these across
microbiome studies will result in reproducible, robust outcomes. We show for the first
time, to our knowledge, a temporal difference in gut microbiota composition of mice
purchased directly from the vendor and mice purchased from the vendor to breed in
house. With these findings, it is essential to design experiments investigating the gut
microbiome of mice, and other laboratory animal models, to be bred in the same

environment to reduce environmental alterations in the gut microbiota composition.
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INTRODUCTION

Microbial life, mainly bacteria, archaea, fungi, and viruses, that inhabit a defined niche,
collectively compose a microbiota.! The human microbiota, or the microbes that live in
and on the human body, contribute to various bodily processes, such as immune
support, digestion, and prevention of pathogen colonization.? Numerous studies have
shown correlation of dysbiosis of the gut microbiota composition and disease in different
body systems, including the gastrointestinal, nervous, immune, and vascular system.?
With a new understanding of how body systems connect to gut microbiota alterations,
and the advances in Next Generation Sequencing techniques, the field of microbiome
research is expanding quickly, and relying heavily on animals, including mice, to model
disease.* Mice provide low-cost, reproducible models for a variety of diseases via
genetic engineering,® exposure to pathogens,® or chemically induced inflammation,” all
of which are connected to the gut microbiota. However, confounding effects, such as
strain, sex, group housing, diet, age, inter-individual variability, and maternal effects
play a role in shaping the gut microbiota composition in laboratory mice.® Understanding
longitudinal effects of the maternal and environmental influences on the gut microbiota
will allow researchers to standardize practices in breeding and collection of high-quality
data. This research demonstrates that maternal effect can last up to, and potentially
beyond, 12 months of age, meaning that mice purchased from a vendor make poor
comparative cohorts to those bred in house. For optimal and reproducible results,
minimizing factors such as the maternal effect is essential for increasing data quality in

microbiota studies.
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Previous research has shown significant compositional differences in the gut microbiota
between vendors. A study on 21 animal facilities across Germany showed significant
differences in microbial features, alpha-, and beta- diversity of the gut microbiota in
C57BL/6J mice®. A different study showed A/J, BALB/cJ, and C57BL/6J 3 week old
mice purchased from two different vendors, Jackson Laboratories and Harlan Sprague
Dawley, cluster distinctly on the first axis of PCA plots at 3.5, 7.5, 10.5, and 24 weeks of
age.1% Wolff and colleagues demonstrated altered gut microbiota compositions in
C57BL/6J mice from three different vendors, and yet, yielding no significant differences
in host immune response to lipopolysaccharide injection.!* Taken together, these
studies demonstrate that the facility roden models are purchased from can have

profound effects on the gut microbiota composition.

In the current study, we were interested in assessing if the breeding location of Jackson
Laboratory B6129F2/J mice, a common wild-type model, impacted gut microbiota
composition. We observed unigue gut microbiota compositions using alpha- and beta-
diversity metrics between Jackson Laboratory B6129F2/J mice bred at Jackson
Laboratories and B6129F2/J mice bred at Northern Arizona University using mice
purchased from Jackson Laboratories. To our knowledge, this is the first study to show
temporal differences in the gut microbiota composition between mice bred at the vendor

and mice bred in-house from the same genotype as mice purchased from a vendor.
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METHODS

Mouse colonies: All mouse experiments were approved by the Institutional Animal Use

and Care Committee of Northern Arizona University under protocol 18-016.

Jackson-bred: Female B6129F2/J mice were purchased from Jackson Laboratories at 3
weeks of age and given one week to acclimate and adjust to rodent chow prior to the

first fecal sample collection.

Northern Arizona University bred: Male and female B6129F2/J mice purchased from
Jackson Laboratory were allowed 5 days to acclimate, then combined into harems,
housed in a 12 hour light/dark cycle, and provided food and water ad libitum. Pups were
housed with their mother until weaning at 21 days of age. Weaned female mice were
given one week to acclimate and adjust to their new food prior to the first fecal sample

collection.

Sample collection: Fecal samples were collected directly from each mouse fortnightly

from 4 to 52 weeks of age. Fecal samples were stored at —80 °C until further processing.

16S rRNA gene sequencing: Fecal samples are collected directly from the mice, and

stored in sterile 1X PBS at —80 °C until processing. The DNA from fecal samples were

extracted using the MagMAX Pathogen RNA/DNA Kit from ThermoFisher. Modifications

to the protocol include the use of Lysing Matrix E tubes (MP Biomedical) for tissue lysis.
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DNA was quantified using a NanoDrop 2000. Quantified DNA from fecal samples was
used for 16S rRNA gene PCR. Using EMP primers (515F-806R), the V4 region of the
16S rRNA gene was amplified. Each PCR reaction contained 2.5 pl of PCR buffer
(TaKaRa, 10x concentration, 1x final), 1 pl of the Golay barcode tagged forward primer
(10 uM concentration, 0.4 uM final), 1 ul of bovine serum albumin (Thermofisher, 20
mg/mL concentration, 0.56 mg/ul final), 2 pl of ANTP mix (TaKaRa, 2.5 mM
concentration, 200 uM final), 0.125 ul of HotStart ExTaq (TaKaRa, 5 U/ul, 0.625 U/ul
final), 1 uL reverse primer (10 uM concentration, 0.4uM final), and 1 yL of template
DNA. All PCR reactions were filled to a total 25 pL with UltraPure DNase,Rnase free
water (Invitrogen), then placed on a ThermalCycler. ThermalCycler conditions were as
follows, 98°C denaturing step for 2 minutes, 30 cycles of 98°C for 20 seconds, 50°C for
30 seconds, and 72°C for 45 seconds, a final step of 72°C for 10 minutes. PCR was
performed in triplicate for each sample and an additional negative control was included
for each barcoded primer. A post-PCR quality control step was performed using a 2%
agarose gel (ThermoFisher), followed by quantification of amplicons using the
fluorometry. Quality of the pool was assessed with the Bioanalyzer DNA 1000 chip
(Agilent Technologies) then combined with 1% PhiX. A total of 7 pools were sequenced
on the lllumina MiSeq using the 600-cycle MiSeq Reagent Kit V3 (lllumina). Each pool
contained mock community samples that overlapped over each sequencing run to avoid

sequencing bias. All sequencing was done on the Illlumina MiSeq at TGen North.

Bioinformatics Analysis: Microbiome bioinformatics on 16S rRNA gene sequences

were performed with QIIME 2. g2-DADA2 was used for sequence quality control and
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resolution of amplicon sequence variants (ASVS) to provide the highest taxonomic
specificity?. A phylogenetic tree was created using g2-fragment-insertion, which applies
the SEPP algorithm, inserting short sequences into a reliable database of full-length
sequences!s. Taxonomy was assigned to reads using g2-feature-classifier'314, Alpha
diversity (community richness) metrics was computed with g2-diversity, including Faith’s
Phylogenetic Diversity, Observed OTUs, and Shannon diversity. Beta diversity
(community dissimilarity) metrics was computed with g2-diversity, including Bray-Curtis
dissimilarity, Jaccard, weighted UniFrac, and unweighted UniFrac distances.
Longitudinal analysis was computed with g2-longitudinal to assess temporal changes in
microbial compositions®. These diversity metrics, along with taxonomic profiles of
samples, were used to compare microbiome compositions between breeder location of
mice. Group comparisons of alpha diversity were performed with non-parametric
Kruskal-Wallis tests, and group comparisons of beta diversity were performed with non-
parametric PERMANOVA. ASVs and taxa that were differentially abundant across
disease groups were identified using ANCOM. All P-values were corrected for multiple

comparisons using the Benjamini-Hochberg False Discovery Rate correction.

RESULTS

Longitudinal analysis of breeder location effects on gut microbiota composition

To examine the effects of breeding location on the temporal gut microbiota compaosition
of B6129F2/J mice, we compared female B6129F2/J mice bred at Jackson Laboratory
and shipped to Northern Arizona University (NAU) and female B6129F2/J mice bred at

Jackson Laboratory (JAX). Fecal samples were collected directly from each mouse
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fortnightly from 4 to 52 weeks of age, and the 16S rRNA gene was amplified to explore
changes in the gut microbiota composition between breeder locations. Sequencing data

was analyzed using QIIME 2.

NAU
bred

52 (Weeks)

J

JAX
bred

Figure 1. Sample collection overview. Fecal sample collections from female Northern
Arizona University (NAU) and Jackson Laboratory (JAX) bred B6129F2/J mice began at
4 weeks of age and continued fortnightly until sacrifice at 8 weeks. Image created using
Biorender.com.

JAX and NAU bred mice have distinct gut microbiota composition in the first 6

months of life

Beta diversity metrics were used to identify temporal compositional differences in the
bacterial gut microbiota of female NAU and JAX bred B6129F2/J mice. We applied
Jaccard and Unweighted Unifrac, which are unweighted (qualitative) beta diversity
metrics, and Bray-Curtis and Weighted Unifrac, which are weighted (quantitative) beta
diversity metrics to our samples. Volatility analysis demonstrates a distinct gut
microbiota composition for the first 26 weeks of age using Jaccard diversity (Fig. 2A)
and 32 weeks using Unweighted Unifrac (Fig. 2B) between NAU and JAX bred
B6129F2/J mice. As mice age, the composition of the gut microbiota becomes more

similar between the breeder locations (Figure 1). To analyze the differences in
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composition at 8 weeks, 24 weeks, and 52 weeks, a PCoA of Jaccard and Unweighted
Unifrac distances were generated with PCoA 1 plotted against time, highlighting the key
three timepoints. The gut microbiota composition was statistically distinct, using Jaccard
and Unweighted Unifrac metrics, between NAU and JAX bred B6129F2/J mice in early
life, shown at 8 weeks of age. However, the gut microbiota composition became more
similar at later time points, demonstrated at 24 and 52 weeks of age (Fig. 3,
(PERMANOVA, p=0.054, f-statistic=1.33127), (PERMANOVA, p=0.065, f-
statistic=1.45748) weeks of age . Weighted beta diversity metrics show a similar, though
less robust, pattern at the baseline and 24 week timepoints. Volatility analysis and
PCoA of the Bray-Curtis dissimilarity metric demonstrates distinct gut microbiota
compositions between NAU and JAX bred B6129F2/J mice at 8 (PERMANOVA,
p=0.001, f-statistic=10.1743) weeks of age, but not at 24 (PERMANOVA, p=0.016, f-
statistic=1.98555) and 52 (PERMANOVA, p=0.508, f-statistic=0.90456) weeks of age
(Fig. S3A, Fig. S3C). A PCoA of the Weighted Unifrac distance metric also
demonstrates distinct gut microbiota compositions between NAU and JAX bred
B6129F2/J mice at 8 (PERMANOVA, p=0.03, f-statistic=3.10426), but not at 24
(PERMANOVA, p=0.566, f-statistic=0.717805) and 52 (PERMANOVA, p=0.066) weeks
of age (Fig. S3B, Fig. S3D). Taken together, these results indicate qualitative (not
weighted by abundance of taxa) metrics suggesting the strongest drivers of different

microbial communities are the less abundant taxa in the murine gut microbiota.
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Figure 2. Volatility analysis of JAX and NAU bred mice from 4 to 52 weeks
demonstrate distinct gut microbiota compositions in early life between breeder
locations. A) Volatility plot of PCoA Axis 1 of the Jaccard dissimilarity index. This
demonstrates differences in the gut microbiota until 26 weeks of age by breeder
location. Thick lines represent the average change in the gut microbiota on PC1 over
time in JAX and NAU bred mice, and thin lines represent changes in the gut microbiota
on PC1 over time in individual mice. B) Volatility plot of PCoA Axis 1 of Unweighted
Unifrac distance metric demonstrates differences in the gut microbiota until 32 weeks of
age by breeder location. Thick lines represent the average change in the gut microbiota
on PC1 over time in JAX and NAU bred mice, and thin lines represent changes in the
gut microbiota on PC1 over time in individual mice.
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Figure 3. Beta-diversity metrics of 3xTg-AD and WT mice at 8, 24, and 52 weeks of
age. A) Jaccard PCoA 1 plotted against time demonstrates distinct gut microbiota
compositions between JAX and NAU bred mice mice at 8 (PERMANOVA, p=0.001, f-
statistic=7.088606) and 24 (PERMANOVA, p=0.001, f-statistic=1.904089 ) weeks of
age, but not at 52 (PERMANOVA, p=0.315, f-statistic=1.148262)) weeks of age. B)
Unweighted Unifrac PCoA 1 plotted against time demonstrates distinct gut microbiota
compositions between JAX and NAU bred mice mice at 8 (PERMANOVA, p=0.001, f-
statistic=7.37656),and 24 (PERMANOVA, p=0.003, f-statistic=2.146992) weeks of age,
but not at 52 (PERMANOVA, p=0.52, f-statistic=1.135859) weeks of age.
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Figure 4. Volatility analysis of JAX and NAU bred mice from 4 to 52 weeks
demonstrate distinct gut microbiota compositions in early life between breeder
locations. A) Volatility plot of PCoA Axis 1 of the Bray-Curtis dissimilarity index. This
demonstrates no distinct differences in gut microbiota composition over time by breeder
location. Thick lines represent the average change in the gut microbiota on PC1 over
time in JAX and NAU bred mice, and thin lines represent changes in the gut microbiota
on PC1 over time in individual mice. B) Volatility plot of PCoA Axis 1 of Weighted
Unifrac distance metric demonstrates no distinct differences in gut microbiota
composition over time between breeder location. Thick lines represent the average
change in the gut microbiota on PC1 over time in JAX and NAU bred mice, and thin
lines represent changes in the gut microbiota on PC1 over time in individual mice.

Table 1: Differential abundance between JAX and NAU bred mice using Analysis of
Composition of Microbiomes (ANCOM) at 8, 24, and 52 weeks of age collapsed at species
level. W represents the number of features that the taxa is more abundant than.

Features Collapsed at Species Level W Week
Lactobacillus salivarius 1199 8
Family S24-7 1188 8
Lactobacillus sp. 1184 8
Family S24-7 1184 8
Family S24-7 1183 8
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Family S24-7 1179 8
Family Rikenellaceae 1178 8
Family S24-7 1177 8
Adlercreutzia sp. 1177 8
Family S24-7 1174 8
Ruminococcus gnavus 1139 8
Family S24-7 1521 24
Bacteroides acidifaciens 1490 24
Family S24-7 1403 24
Order Clostridiales 183 52
Clostridiales 168 52
Clostridium cocleatum 168 52

Identifying bacterial features that are differentially abundant between breeder

locations

To identify the amplicon sequence variants (ASVs) that are driving the differences in gut
microbiota composition between 3xTg-AD and WT mice, feature volatility plots were
produced using the QIIME 2 plug-in, g2-longitudinal. We identified one bacterial feature

when collapsed at the genus level. The longitudinal feature analysis demonstrates a
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temporal trend of increasing relative abundance of the genera Prevotella in JAX bred

B6129F2/J mice compared to NAU bred B6129F2/J mice (Figure 4).

Differential abundance analysis of ASVs using analysis of composition of microbiomes
(ANCOM) revealed a differential abundance of 1229 ASVs between NAU and JAX bred
mice at 8 weeks of age, however we will focus on the top 11 ASV’s (Supplementary
Table S1). At 8 weeks of age, Lactobacillus salivarius (W=1199), Family S24-7
(W=1188), Lactobacillus sp. (W=1184,) Family S24-7 (W=1184), Family S24-7
(W=1183), Family S24-7 (W=1179), Family Rikenellaceae (W=1178), Family S24-7
(W=1177), and Adlercreutzia sp. (W=1177) were enriched in NAU bred mice, while
Family S24-7 (W=1174) and Ruminococcus gnavus (W=1139) were enriched in JAX
bred mice (Table 1). At 24 weeks of age, Family S24-7 (W=1521), Bacteroides
acidifaciens (W=1490), and Family S24-7 (W=1403) were enriched in NAU bred mice
(Table 1). At 52 weeks of age, Order Clostridiales (W=183), Clostridiales (W=168), and

Clostridium cocleatum (W=168) were enriched in NAU bred mice (Table 1).
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Figure 5. Feature volatility at genus level. Feature volatility chart of Prevotella
demonstrates increased presence after 24 weeks of age in JAX bred mice while
consistently lower abundance in NAU bred mice. Thick lines represent the average
change in the gut microbiota on PC1 over time in JAX and NAU bred mice, and thin
lines represent changes in the gut microbiota on PC1 over time in individual mice.

DISCUSSION

The mammalian microbiota is composed of a dynamic community of bacteria, viruses,
fungi, and archaea, and contributes substantially to host health.1® Due to the diverse
roles the microbiota contributes to, including digestion of dietary fiber,'” immune
modulation,'”*® and prevention of foreign pathogen colonization,® controlling for
external gut microbiota alterations is essential for reliable and reproducible microbiome
studies.?° The gut microbiota is sensitive to environmental stress, such as circadian

disruption, altitude change, temperature shifts, noise, and diet.?* This study, and others
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like it, provide evidence that the gut microbiota of mouse models vary not only between
vendors,!° but also across breeding sites. Mice purchased from a vendor experience
changes in their gut microbiota introduced by transfer and adjustment to a new
environment.?? Diets, bedding, group-housing, and other nuances of animal husbandry
are altered, inducing changes in the microbiota.?® Breeding mice in-house from vendor-
bought mice may minimize these confounding factors as offspring will receive milk from
mothers on the same diet that they will be on after weaning. Further, the adaptations of
the breeders in the breeding facility seem to be passed on to mice bred in house, as
they have more stability in their microbial communities overtime.Schedules, bedding,

and other external factors also remain consistent for mice bred in house.

To assess compositional shifts in the first year of B6129F2/J bred at NAU compared to
bred at JAX, we used unweighted and weighted beta diversity metrics on microbiome
composition from 4 to 52 weeks of age. Unweighted metrics (Jaccard and Unweighted
Unifrac) showed significant compositional differences between JAX and NAU bred
B6129F2/J mice, while weighted metrics (Bray-Curtis and Weighted Unifrac) did not
show significant compositional differences over the 48 weeks of sampling. These
findings suggest that lower abundance microbial features are responsible for the
compositional differences between breeder location. Further, differences between
breeder locations are stronger early in life (8 and 24 weeks), than they are later in life
(52 weeks). This suggests that microbial features passed on from the maternal
microbiome are driving differences early in life between breeder location, as well as

potentially transportation stress, housing conditions, and other confounding factors.
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To uncover dynamic bacterial features, we ran a volatility analysis using g2-longitudinal.
Interestingly, the most dynamic bacterial feature was Prevotella, increasing in
abundance after 24 weeks of age in JAX bred mice compared to NAU bred mice (Figure
5). Prevotella sp. have been linked to higher susceptibility to inflammatory bowel
syndrome?* and mucosal inflammation?® in humans and mice. While there it is difficult to
determine whether Prevotella was introduced to the JAX mice after arriving at the NAU
facility, or if they were present in low abundances and were able to increase
colonization over time, bacterial features that potentially alter inflammatory responses

are of concern for many biomedical study designs.

To identify bacterial features that were differentially abundant between breeder
locations, ANCOM was applied to JAX and NAU bred mice at 8, 24, and 52 weeks of
age. While ANCOM at 8 weeks of age identified the most differentially abundant ASV’s
when compared to 24 and 52 weeks of age, the same 3 taxonomic group assignments
made up the top 9 ASV’s. Lactobacillus sp., Lactobacillus salivarius and Family S24-7,
dominated the differentially abundant ASV’s. Lactobacillus salivarius is passed on from
the maternal microbiome through breastfeeding, making Lactobacillus salivarius and
other Lactobacillus sp. unsurprising gut microbial features at 8 weeks of age, when mice
are weaned at 3 weeks of age.?® Interestingly, Family S24-7 has traditionally been a
difficult taxonomic group to classify at the genus and species level using 16S rRNA

gene sequencing, also known as Muribaculaceae,?’ contain several fermenters and
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propionate producers.?® At 24 weeks of age, Bacteroides acidifaciens was increased in

NAU bred mice, a member of the Bacteroides fragilis group.®

In this study, we demonstrated that B6129F2/J mice bred at JAX and raised at NAU
compared to bred at NAU demonstrate distinct gut microbiota compositions early in life,
and harbor noticeably different bacterial features, particularly early in life. It is becoming
clear that early life gut microbial communities impact both short and long term host
health.2° There is potential for subtle changes in microbial communities from animal
husbandry, transportation, vendor, or location of breeding to alter the outcomes of
biomedical research, not only within, but beyond microbiome studies. With these
findings, we recommend that biomedical researchers using mammalian models of
disease prioritize either obtaining mice from the same vendor or breeding mice in the
same animal facility to reduce confounding factors that shape the communities of

microbes that inhabit mammalian models.

Study Limitations: This study is limited by the observational study design that did not
investigate mechanistic differences associated with shifts in composition of microbial

features of mice bred at JAX and NAU.

CONCLUSIONS

With this information, microbiome experiments need to be carefully constructed to
prevent environmental stressors from altering gut microbiota compaosition to the best of

our ability, including using mice from the same vendor, bred in the same facility.

198


https://paperpile.com/c/3y2yNJ/72Ff
https://paperpile.com/c/3y2yNJ/w2m4
https://paperpile.com/c/3y2yNJ/g6px

Microbiome adaptations from the breeders will be passed down to mice bred in the
same facility, and have more stable microbiome communities over time than those who
were bred in a different facility than mice bred at another facility and transported to the
experimental site. Furthermore, other experiments, such as immunological studies,
should be conducted with the same precautions due to the large role the gut microbiota

plays in immune response.
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