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Abstract

Age-associated changes to the intestinal microbiome, and its impact on the gut-brain axis, are
increasingly being linked to the development of inflammageing and neurodegenerative disease.
To study the interactions of the microbiota-gut-brain axis, it is important to find a suitable animal
model for studies of human ageing. Here, the impact of ageing on the microbiota-gut-brain axis
is assessed in a cohort of healthy, captive-bred cynomolgus macaques of differing ages. Using
whole-genome sequencing (WGS) and internal transcribed spacer 1 (ITS1) amplicon
sequencing methods, age-associated changes in taxonomic composition and metabolic
potential were assessed in multiple spatial regions of the intestine, from duodenum to distal
colon. Alpha and beta diversity metrics revealed distinct prokaryotic composition profiles in the
small and large intestine, but relative invariance of taxonomy and metabolic potential was
observed with age. 108 putative novel prokaryotic genomes were also identified. The
predominant fungus in all regions and at all ages was Arxiozyma pintolopesii. Closely related
Arxiozyma species have been implicated as potential intestinal pathobionts, however, A.
pintolopesii did not appear to exhibit pathogenicity in an in vitro model of the intestinal epithelial
barrier. Parallel work in germ-free mice showed that orally delivered Candida albicans, a human
pathobiont, can translocate from the gut to the brain, inducing an inflammatory response.
Accumulation of age-associated brain pathology, including iron deposition in the substantia
nigra, was observed in cynomolgus macaques 213 years. However, this did not correlate with
increased microglial cell density, as assessed by ionized calcium binding adaptor molecule 1
(Iba1) expression compared to young animals. Indications of an age-associated increase in
systemic inflammation and intestinal permeability were studied via the quantification of blood-
based biomarkers and histological examination of intestinal tissue. This work establishes a
foundation for further study of the impact of ageing on the microbiota-gut-brain axis in this

important animal model.
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FABP2 Fatty acid binding protein 2

FITC Fluorescein isothiocyanate

FMT Faecal microbial transplant

FTH Ferritin heavy chain

FTL Ferritin light chain

GF Germ-free

GTDB Genome taxonomy database
GTDB-Tk Genome taxonomy database toolkit
H&E Haemosiderin and eosin

H20. Hydrogen peroxide

I-FABP Intestinal fatty acid binding protein
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JAM
K3EDTA
LAL
LBP
LPS
MAG
MAMPs
MHC-II
MRI
mRNA
NBF
NCBI
NCYC
NHP
NMDS
NVU
oD
PBS
PD
PERMANOVA
PET
PET
PFA
PRR
RNA
ROI
rRNA
SASP
SCFA

lonized calcium binding adaptor molecule 1
Inflammatory bowel disease

Irritable bowel syndrome

Intestinal epithelial cell

Immunoglobulin

Interleukin

Internal transcribed spacer

Junctional adhesion molecule

Tripotassium ethylene diamine tetraacetic acid
Limulus Amebocyte Lysate
Lipopolysaccharide binding protein
Lipopolysaccharide

Metagenome assembled genome

Microbe associated molecular pattern molecules
Major histocompatibility complex class I
Magnetic resonance imaging

Messenger RNA

Neutral buffered formalin

National Center for Biotechnology Information
National Collection of Yeast Cultures
Non-human primate

Non-metric multidimensional scaling
Neurovascular unit

Optical density

Phosphate-buffered saline

Parkinson’s Disease

Permutational multivariate analysis of variance
Polyethylene terephthalate

Position electron tomography
Paraformaldehyde

Pattern recognition receptor

Ribonucleic acid

Regions of interest

Ribosomal RNA

Senescence associated secretory phenotype
Short chain fatty acid

16



SD
SGB
SN
SPF
SRA
TBS
TBS-T
TEER
TH
TMAO
TNF
UK
UKHSA
USA
VTA
WGS
YM
y4o)

Standard deviation

Species-level genome bin
Substantia nigra

Specific pathogen free

Sequence read archive
Tris-buffered saline

Tris-buffered saline with Tween® 20 Detergent
Transepithelial electrical resistance
Tyrosine hydroxylase
Trimethylamine-N-oxide

Tumour necrosis factor

United Kingdom

UK Health Security Agency

United States of America

Ventral tegmental area

Whole genomic sequencing

Yeast malt

Zonula occludin
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1.0. Chapter 1: Introduction

1.1. Introduction

The proportion of the global population aged 65 or over, defined as older adults by the United
Nations, is expected to double by 2050. The number of elderly people, aged 80 or over, is
projected to rise even faster, with the population estimated to triple in the same timeframe
compared to numbers in 2021 [5]. This presents several societal and medical challenges due
to a high prevalence of one or more age-associated chronic ilinesses within these populations
[6, 7]. Of particular concern is the increasing prevalence of neurodegenerative diseases with
advancing age, disorders characterised by the progressive and irreversible degeneration of the
central nervous system (CNS), which severely impacts quality of life [8]. No cure exists for
these diseases, and their complex aetiology and pathogenesis impedes the development of
new and effective treatments [9]. Recognition that the intestinal microbiome may play a role in
neurodegenerative disease has, however, opened new avenues for research and potential
therapy [10].

The human intestinal tract is colonised by a multitude of microorganisms including bacteria,
viruses, fungi, and archaea, collectively called the microbiota [11]. These microorganisms
produce a variety of microbial metabolites and other products which can have varied effects on
the immune system. This includes modulation of both the innate and adaptive immune
response, often resulting in systemic effects at sites distal to the intestine [12]. With age, the
composition of the intestinal microbiota changes, altering the profile and production of microbial
metabolites [13-22]. These changes correlate with age-associated declines in immune function,
suggesting that the age-associated remodelling of the intestinal microbiota may contribute to

this deterioration [23].

Inflammageing refers to the low-grade, chronic, systemic inflammation that develops with age
in the absence of overt infection. It is a strong risk factor for frailty, defined as an increased risk
for poor health outcomes resulting from age-associated functional decline that is often
characterised by decreased muscle strength and fatigue, as well as morbidity and mortality in
older adults [24-29]. The concept of inflammageing was originally described by Franceschi et
al., who proposed that the immune response is continually provoked by antigenic load and
stress, eventually reaching a pro-inflammatory threshold with an increased risk of disease [30].
A significant source of this antigenic load was later proposed to be the intestinal microbiome,
owing to the production of microbial antigens, metabolites, and other microbial products which
may trigger an immunogenic response [31]. Age-related changes in the intestinal microbiome

may also exacerbate the physiological stresses typically associated with ageing. These
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stresses are driven by molecular, cellular, and systemic processes that are hallmarks of the

ageing process [32].

The intestinal microbiota communicates with the CNS through complex bi-directional
communication pathways, referred to as the microbiota-gut-brain axis. These include neural,
endocrine, and immunological signalling pathways [10, 33]. Evidence from animal models
suggests that the intestinal microbiota is able to influence aspects of disease pathogenesis in
the CNS [34-38]. In humans, distinct intestinal microbial profiles are associated with
neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD)
[39-47]. While it is unclear whether these compositional profiles are causal, there is evidence
to suggest that they may exacerbate symptoms and influence disease progression [10]. This
raises the question of whether intestinal microbiome-based interventions or therapies may be

used to alleviate the symptoms of ageing and age-associated disease.

Much of the characterisation and mechanistic investigation of ageing and the microbiota-gut-
brain axis is based on small animal models, particularly rodents [48]. For studies of ageing,
rodents have the benefit of a reduced lifespan in comparison to humans, but do not closely
recapitulate the genetic profiles and physiology of humans and may not accurately model
human responses [49]. In comparison, non-human primates (NHPs) have a much closer
similarity to humans, especially regarding brain architecture and cognitive function [49, 50].
Due to this similarity, they represent an important animal model for human studies of ageing.
In this chapter, | explore how ageing affects the microbiota-gut-brain axis and discuss the key
mechanisms connecting inflammageing to age-related changes in the intestinal microbiome.
When reviewing the intestinal microbiome, particular focus is given to studies on humans and
macaques, Old World NHPs which are commonly used in biomedical research, emphasising
the similarities between the species. The suitability of NHPs as models for humanageing is also
explored. Additionally, the effect of age on intestinal fungi and theirimmunomodulatory capacity,

which has been relatively understudied compared to their bacterial counterparts, is considered.

1.2. The intestinal microbiome

The symbiotic relationship between the host organism and the intestinal microbiota is reliant
on the maintenance of several complex homeostatic interactions between the microbiota and
the host immune system [12]. The composition of the intestinal microbiota can be influenced
by a variety of factors, including diet, behaviour, medications, oral cavity health, and age-
associated physiological decline [32, 51-54]. Intestinal dysbiosis, defined as an altered
composition of the intestinal microbial community relative to the community found in healthy

individuals, has now been recognised as a hallmark of ageing [32, 55]. Age-related alterations
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to the intestinal microbiota may therefore disrupt the homeostatic interactions between the

microbiota and the host, with implications for overall health.

1.2.1. Age-related influences on the intestinal microbiome

In infancy, the intestinal microbiota has a low level of microbial diversity compared to adults in
both humans and NHPs [56, 57]. The human infant intestinal microbiota is dominated by the
bacterial phyla Actinomycetota (formerly known as Actinobacteria) and Pseudomonadota
(formerly known as Proteobacteria), with the former dominated by the genus Bifidobacterium.
The progression of the human infant intestinal microbiota toward an adult-like microbial
composition happens in the first 2-3 years of life, following weaning and consumption of solid
foods [56, 58]. In NHPs, studies of the intestinal microbiota pre-weaning are scarce. However,
one study of captive cynomolgus macaques shows that infants (aged 1-3 months) had an
increased relative abundance of Actinomycetota and Bacteroidota (formerly known as
Bacteroidetes), and a reduced abundance of Bacillota (formerly known as Firmicutes),
compared to other age groups (aged >2 years). As in humans, Bifidobacterium were the

dominant genera within the Actinomycetota phylum [57].

The adult intestinal microbiota in both humans and NHPs is primarily composed of bacteria
from the Bacteroidota and Bacillota phyla [15, 57, 59-65]. Taxa from both phyla are key
contributors to the production of short-chain fatty acids (SCFAs), including acetate, propionate,
and butyrate, from the degradation of dietary fibre [66]. Alterations to the Firmicute:Bacteroidota
ratio in the elderly may be relevant as SCFA production, particularly of butyrate, has been
shown to have beneficial effects on intestinal health and immune function [67-69]. Some human
studies have observed an altered Bacillota:Bacteroidota ratio with age in healthy subjects,
although the direction of change is inconsistent across studies. In a Ukrainian population, an
increased Bacillota:Bacteroidota ratio was associated with age, while in other populations the
ratio was reduced in the elderly compared to adults [15, 63, 65]. This discrepancy may be a
result of environmental and geographical influences on the intestinal microbiota. Conversely, a
separate study of captive cynomolgus macaques found an increased Bacillota:Bacteroidota
ratio in middle-aged and elderly animals compared to young adults, while no change was
observed in captive rhesus, captive cynomolgus, or wild Assamese macaques [57, 59, 61, 64,
70].

Age-related changes to the intestinal microbiota are not uniform across individuals. This can
be attributed to personal, environmental and behavioural factors, including diet, disease, social
relationships, and medication [71-74]. For example, adherence to a Mediterranean diet,
characterised by a high consumption of vegetables, fruits, fish, legumes, and nuts, is

associated with retention of beneficial microbial taxa in older adults, including Faecalibacterium
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prausnitzii, Roseburia hominis, and Bacteroides thetaiotaomicron. These taxa were positively
associated with measures of improved cognitive function and negatively associated with
measures of frailty and inflammation [75]. Antibiotic and non-antibiotic drugs have also been
associated with changes to the intestinal microbiome, which can mediate indirect effects on the
host. Metformin, for example, an anti-hyperglycaemic drug commonly used in the treatment of
the age-associated disease type 2 diabetes mellitus, drives changes to the composition of the
intestinal microbiota [76, 77]. It is thought that these compositional changes are responsible for

reduced liver gluconeogenesis, previously supposed to be a direct action of metformin [76].

Age-associated factors affecting the intestinal microbiome may also impact the microbiome of
the oral cavity [78]. Oral microbes, carried by saliva or food, can colonise the intestinal tract,
meaning that oral cavity health has a direct influence on the intestinal microbiome [79, 80]. With
age, increasing frailty is associated with reduced oral hygiene, resulting in an increased
incidence of dental caries and periodontal diseases [81]. Microbial taxa associated with poor
oral cavity health may also translocate to the intestinal tract. For example, dissemination of the
periodontopathic bacterium Porphyromonas gingivalis to the intestinal tract disturbs the
intestinal microbiota, induces intestinal and systemic inflammation, and increases intestinal
barrier permeability in mice [82]. Oral administration of the bacterium to a mouse model of PD
resulted in degeneration of dopaminergic neurons and microglial activation in the substantia
nigra (SN), potentially linking intestinal colonisation by oral P. gingivalis to the pathogenesis of
PD [83].

Separating the effect of age from the variety of factors which may affect intestinal microbiome
composition in older adults a complex task, especially as many factors are interlinked.
Geographical and residential location, and the associated differences in diet and other cultural
factors, are known to effect intestinal microbiome composition, as does ethnicity [58, 84, 85].
The cross-sectional design of studies investigating the effect of age on the intestinal
microbiome also often makes it difficult to determine whether changes to intestinal microbiota
composition are a cause or effect of potentially modulatory factors [86].This is exemplified in a
study of older adults and elderly people, where intestinal microbiome composition in adults in
long-term residential care was distinct from those who were community-dwelling. Both
residence and dietary pattern were found to be contributing factors to this discrepancy. Several
markers of age-associated inflammation and poor health were also significantly correlated with
changes in microbiome composition in those in long-term residential care, with blood C-reactive
protein (CRP), interleukin (IL)-6, and tumour necrosis factor (TNF)-a significantly higher than

in community dwellers [52]. The cross-sectional nature of the study, however, means it is
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difficult to make conclusions on whether residence, and the associated differences in factors

such as diet, may promote or prevent health deterioration in the elderly.

Despite considerable inter-individual variance, broad taxonomic and diversity changes to the
intestinal microbiota are associated with both healthy and unhealthy ageing in humans. In
unhealthy ageing, defined as ageing accompanied by age-associated declines in health,
several species belonging to the Clostridium genus have been positively associated with
multiple diseases and increased frailty with age. In healthy ageing, age-associated declines in
health are delayed. In these individuals, genera including Akkermansia, Odoribacter,
Butyricimonas are increased with age, while those such as Roseburia, Prevotella, and
Bifidobacterium are decreased with age [13, 14]. Alpha diversity is a measure of species
diversity within a defined community. Shannon diversity, an alpha diversity metric evaluating
species richness (i.e. the number of species), has also been negatively associated with
unhealthy ageing, while measures of uniqueness (an increase in rarer taxa in relation to
abundant and/or highly prevalent taxa) are positively associated [14]. Increased uniqueness
has been observed in adults from approximately 50 years of age, suggesting that age-
associated changes to the intestinal microbiome may start in middle-age [87]. These changes
have been positively associated with intestinal microbial metabolites which are associated with
immune regulation, inflammation, and longevity, including toxins p-cresol sulfate and
phenylacetylglutamine, which are linked to cardiac dysfunction in kidney disease patients and

cardiovascular disease, respectively [14, 87-89].

Age related changes to the intestinal microbiota in macaques differ between studies (Table
1.1). Most previous studies of the effect of age on the intestinal microbiota in macaques have
utilised 16S ribosomal RNA (rRNA) gene sequencing to assess bacterial taxonomy only [57,
59, 61, 64, 70, 90-92]. This contributes to differing taxonomic resolution across studies, making
it difficult to identify trends and patterns [93]. Between studies of the same macaque species,
factors including differing sample sizes, age ranges, methodologies, environmental factors
(including geographical location and whether animals are wild or captive), and exposure to
medications all likely contribute to the inconsistencies in the findings. Findings in macaques
also show inconsistencies with human studies, which is likely partially attributable to species-

specific effects [13, 14].

The composition of the intestinal microbiota may be distinct in centenarians and extremely long-

lived individuals (= 90 years old) compared to older adults. In humans, studies across multiple

geographic regions have consistently shown an increase in opportunistic pathogens, also

known as pathobionts, alongside a decline in SCFA-producing bacteria in the intestinal

microbiota [15-22]. However, the findings are often inconsistent, with conflicting trends in the
24



Table 1.1. Studies investigating intestinal microbiota alterations in older macaques

. Molecular
Study Species . . . : .
. technique Main microbiome alterations in older
(cohort (wild/
. . (sample macaques
size) captive)
type)
1 Anaerosporobacter, Cellulosilyticum, Alistipes,
Sadoughi et Assamese Ruminococcaceae CAG-352,
al [g 1] Mmacaques 16S Acholeplasmataceae EMPG18,
@ 1' —97) (wil?:i) (faecal) Spirochaetaceae GWE23110 | Eubacterium
eligens, Lachnoclostridium, Fusicatenibacter,
Bifidobacterium, Ligilactobacillus, Collinsella
(In males) Beta diversity, 1
Wei et al. Cynomolgus 16S Bacillota:Bacteroidota ratio 1| genera from the
[70] macaques (faecal) Ruminococcaceae family (including |
(104) (captive) Faecalibacterium, Fournierella) | Roseburia,
Alloprevotella
Duan et al. Cynomolgus 16S (In females) 1 Veillonellaceae,
[64] macaques (faecal) Coriobacteriaceae, Succinivibrionaceae |
(16) (captive) Ruminococcaceae, Rikenellaceae
Yang et al. Cynomolgus 16S
[57] macaques (In females) No significant differences
. (faecal)
(41) (captive)
Adriansjach Rhesus
16S -
et al. [59] macaques (faecal) | Bacilli
(40) (captive)
Janiak et al. Rhesus
[91] macaques 16S (rectal) | Bifidobacterium, Betaproteobacteriales
(105) (wild)
Paliikkuth et Rhesus WGS 1 species belonging to the Pseudomonadota
al. 194] macaques hylum | species belonging to Bacillota phylum
(12) (captive) (rectal) phy P ging phy
Sang et al. Rhesus Beta diversity, | Bacteroidota, Faecalibacterium,
16S )
[90] macaques (faecal) Roseburia, Coprococcus, Prevotella,
(49) (captive) Prevotellamassilia
(In males) Beta diversity, 1 Prevotella,
Rhesus and Prevotellamassilia, Ruminococcus, Roseburia,
Chen et al., rhesus/ Faecalibacterium, Phascolarctobacterium,
2018 [92] cynomolgus  16S (rectal) Propionspira, Succinivibrio, Clostridium,
(174) macaque Eubacterium, Oscillobacter, Blautia,

hybrids (wild)

Bacteroidaceae, Porphyromonadaceae |
Heliobacter

16S = 16S rRNA sequencing; WGS = Whole genome sequencing
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abundance of genera such as Bifidobacterium and Akkermansia [15-22]. The inclusion of
individuals with co-morbidities within several of these studies may explain these differing
results, highlighting that not all individuals who live to extreme old age will necessarily maintain
their health.

A key limitation of studies of the impact of age on the intestinal microbiota is their cross-
sectional design, making it impossible to determine whether microbial taxa found in each age
cohort are retained through life, or are acquired and established in the host at specific life-
stages. Another limitation is the use of stool samples as a proxy for intestinal luminal content
to characterise the intestinal microbiota. The stool microbiota most closely resembles the
colonic microbiota and is not indicative of the microbial composition of the entire intestine, and

especially not of the small intestine [95].

To my knowledge, there are no studies in NHPs investigating the effect of age on the small
intestinal microbiome. In humans, the composition of the duodenal microbiota has been
investigated in patients aged  between 18-80 years who  underwent
esophagogastroduodenoscopy for gastrointestinal diseases or symptoms, including irritable
bowel syndrome (IBS), Crohn’s disease, abdominal pain, and anaemia. The dominant phylum
was Bacillota, with the relative abundance of Pseudomonadota increasing with age, becoming
the second most abundant phylum in older adult (aged 66-80 years) patients. Age, the number
of concomitant diseases, and number of medications were all factors associated with a negative
correlation between age and alpha diversity, and an altered abundance of several bacterial
genera. Enrichment of the genera Escherichia, Lactobacillus, and Enterococcus was
associated solely with chronological age and increased in older adults [96]. The microbial
composition of the duodenum was also found to be highly divergent from that of the faecal
microbiota [95]. These findings highlight the differences which exist between the microbial
communities in the small intestine and the faeces, and that the composition of the duodenal
microbiota may be affected by age in humans. However, the use of samples from patients with
gastrointestinal disorders or diseases means that the observed microbial profiles may
significantly diverge from those in healthy individuals. Factors such as diet and frailty were also
not assessed [95, 96]. Further studies investigating the small intestinal microbiota in healthy

individuals would be beneficial.

1.3. Immunomodulatory role of the intestinal microbiota

In early life, interaction between the intestinal microbiota and the immune system is essential

for education and maturation of the adaptive immune system [97]. Evidence for this comes from

examination of germ-free (GF) mice, who are born and raised in sterile conditions and therefore

lack a microbiota. GF mice exhibit defective intestinal-associated lymphoid tissues, reduced
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intestinal lymphocytes and innate immune defences, and increased susceptibility to infection
[98-101]. During ageing the intestinal microbiota and the immune system continue to interact
through bi-directional crosstalk [12]. Factors such as diet, antibiotics, geographical location,
infections, ethnicity, urbanisation, and lifestyle are major factors which impact the composition
and function of the intestinal microbiota and are potential triggers for inflammation and
inflammatory disease [84, 102-107].

1.3.1. Homeostatic interactions of the intestinal microbiota and the host

immune system

1.3.1.1. Host mediation of intestinal homeostasis

Ordinarily, a variety of homeostatic mechanisms maintain immune tolerance to the intestinal
microbiota in healthy individuals. One of the methods by which this is accomplished is the
maintenance of a sterile mucus layer to spatially separate the commensal microbes from the
intestinal epithelium and underlying tissue (Figure 1.1). The mucus layer is formed of mucins
secreted by specialised intestinal epithelial cells (IECs) known as goblet cells. In the small
intestine, goblet cells in the crypts release a non-attached, loose, discontinuous layer of mucus.

In the large intestine, which houses a significantly increased number of goblet cells in the
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Figure 1.1. The mechanisms maintaining spatial segregation between the IEC surface and the
intestinal microbiota. Goblet cells release mucins that assemble into a mucus layer. In the colon
there are two distinct mucus layers: a dense, sterile inner layer and a loose, outer layer that
provides a habitat for microbial commensals. IECs and IgA* B cells (plasma cells) release anti-
microbial proteins and IgA, respectively, to help limit microbial incursion through the mucus layer
and prevent their penetration of host tissues. This figure was sourced from Hooper and
Macpherson (2010) [2].
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crypts, there are two distinct mucus layers. The inner layer is dense, highly polymerised, and
devoid of microbes. The outer layer is looser and relatively porous, providing a habitat for

microbial commensals [108].

The production of the antibody immunoglobulin A (IgA) by IgA* B cells residing in the lamina
propria plays an important role in controlling the composition and localisation of the microbiota.
IgA deficient individuals have an altered intestinal microbiota in comparison to healthy
individuals [109]. Dendritic cells (DCs) in the lamina propria and resident beneath Peyer’s
patches actively sample the small number of bacteria that reach the apical surface of IECs,
leading to the induction of commensal-specific B cell responses and secretion of IgA across
the epithelial barrier [110-113].

Anti-microbial proteins are also produced by IECs, including enterocytes, goblet cells, and
Paneth cells, either constitutively or in response to activation of pattern recognition receptors
(PRRs) via interaction with highly conserved microbe associated molecular pattern molecules
(MAMPs) expressed by microbes [2, 114-116]. Both IgA and anti-microbial proteins are retained
in the mucus layer, preventing microbial incursion through the mucus and IEC layer, and helping

to maintain homeostasis while retaining the ability to respond to pathogenic invasion [117-120].

1.3.1.2. The role of the microbiota in immune homeostasis

The intestinal microbiota is also involved in maintaining immune tolerance. Several intestinal
microbiota-derived metabolites, including SCFAs, intermediate bile acid metabolites, amino
acid-derived metabolites, and membrane associated lipids, have homeostasis-promoting,
immunomodulatory effects [121]. For example, the SCFAs acetate, propionate, and butyrate
are a crucial energy source for IECs, contributing to the maintenance of intestinal tight junction
proteins and helping to prevent an increase in intestinal barrier permeability [67]. Antibiotic-
treated specific pathogen free (SPF) mice have a reduced proliferation of IECs in the small
intestine compared to controls. Administration of Gram-positive commensal bacteria or a
mixture of acetate, propionate, and butyrate alone promoted increased turnover of IECs [122].
Butyrate administration also promoted IEC barrier integrity in vivo through enhancement of tight
junction protein transcription [123]. Other microbial metabolites, such as tryptophan derivatives,

have also been shown to regulate intestinal barrier integrity [124].

SCFAs may also have a role in immune suppression. SCFAs, especially butyrate, can act as
an epigenetic regulator by inhibiting histone deacetylases, enzymes that are involved in
regulating gene expression [68, 69, 125, 126]. Uptake of butyrate into IECs reduces expression
of pro-inflammatory cytokines and chemokines in vitro, linking SCFAs to anti-inflammatory

effects. Different histone deacetylases inhibitors could replicate this effect, suggesting that this
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may be the mechanism of action of butyrate [69]. This aligns with findings in mice, where it has
been shown that butyrate and propionate can be taken up into colonic DCs, resulting in histone
deacetylase inhibition and inducing production of immunosuppressive enzymes. This favours
the ability of DCs to convert naive T cells to immunosuppressive regulatory T cells, rather than
a pro-inflammatory phenotype [68]. Butyrate can also reduce production of pro-inflammatory
mediators in macrophages, rendering them hyporesponsive to the microbiota [125].
Conversely, butyrate has also been shown to drive monocyte to macrophage differentiation
through histone deacetylase inhibition in vitro, enhancing anti-microbial activity, thus amplifying

anti-microbial host defences [126].

Other microbial metabolites also mediate immune homeostasis. Microbiota-derived bile acid
derivatives, including lithocholic, 3-oxo-lithocholic, and 3B-hydroxydeoxycholic acids, have
been shown to potentiate colonic regulatory T cell populations in vivo and in mice [127, 128].
Lipid metabolites, such as conjugated linoleic acids and all-frans retinoic acid, also have
immunomodulatory effects. They induce regulatory T cell differentiation, as well as potentiate
a CD4" intraepithelial lymphocyte population that plays an essential role in dietary tolerance
[129, 130].

Beyond the intestinal tract, microbial products and metabolites have systemic effects,
influencing immune responses in distal sites such as the bone marrow and brain [121]. GF
mice or antibiotic treated SPF mice are more susceptible to extra-intestinal infections, which
may be related to the role of products and metabolites of the intestinal microbiota in priming
innate and adaptive immune defences [131-133]. For example, the PRR Nod1, expressed on
neutrophils, recognises intestinal microbiota-derived peptidoglycan. Peptidoglycan levels in the
blood sera were shown to correlate with bone marrow neutrophil function in mice. Depletion or
absence of the intestinal microbiota was also associated with reduced neutrophil function [131].
Antibiotic-treated mice have impaired innate and adaptive anti-viral immune responses,
including defective responses in macrophages. Genes involved in viral detection, inhibition of
viral replication, and interferon responses were downregulated in antibiotic-treated mice
compared to controls [133]. Overall, these data provide evidence that the intestinal microbiota
is crucial for both local and systemic immune system function, conferring benefits for the host

during periods of homeostasis.

1.4. Dysregulation of intestinal immune-microbiome interactions in ageing
and the contribution of intestinal dysbiosis to inflammageing
Inflammageing is characterised by an increase in systemic inflammation and elevated blood
inflammatory markers, with pro-inflammatory mediators such as IL-6, TNF-a, and CRP being
upregulated with age [134-136]. Characterisation of the immune system across the lifespan
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has also shown that frequency and functional capacity of multiple immune cell subsets is
altered with age in humans, although there is a high level of individual variability in this trajectory
[23, 137-139].

During homeostasis, the intestinal microbiota can positively influence host health and immunity,
as discussed previously. Increasing age is associated with alterations in microbial community
composition, referred to as microbial dysbiosis, which may have detrimental effects on systemic
immunity and contribute to inflammageing. Age-associated changes in intestinal microbial
composition have also been correlated with markers of systemic inflammation in young and
elderly rhesus macaques, including elevated TNF-a, CRP, and IL-6 [94]. GF mice are protected
from inflammageing, displaying reduced levels of circulating pro-inflammatory cytokines
compared to SPF mice, suggesting the intestinal microbiota is implicated in driving
inflammageing. Co-housing of GF mice with aged mice, a method of intestinal microbiota

transfer, drives systemic inflammation in GF mice [140].

Further evidence for the role of the intestinal microbiota in inducing inflammageing comes from
microbiota transfer studies in mice. Young mice receiving an aged donor microbiota show an
increased concentration of blood-based biomarkers of systemic inflammation and intestinal
permeability [34]. Conversely, exposure of aged mice to used bedding from young mice
stimulated maturation of M cells, antigen uptake, and IgA responses [141]. Health span,
lifespan, and increased viability of intestinal function have also been observed in aged mice

receiving a young microbiota [140, 142, 143].

Changes to the composition of the intestinal microbiota occur in conjunction with a number of
physiological stressors associated with age, including cellular senescence, mitochondrial
dysfunction, dysregulated nutrient sensing, loss of proteostasis, epigenetic alterations,
telomere attrition, genomic instability, altered intercellular communication, and stem cell
exhaustion [32, 51]. In particular, cellular senescence is likely to contribute to the systemic
elevation of inflammatory markers due to secretion of a distinct set of pro-inflammatory
cytokines, chemokines, growth modulators, angiogenic factors, and matrix metalloproteases
by senescent cells, termed the ‘senescence associated secretory phenotype’ (SASP) [144].
While senescent cells can be beneficial in some circumstances, during the ageing process they
appear to become resistant to cell death and accumulate, resulting in the secretion of large

quantities of SASP proteins implicated in various age-related pathologies [145].

Several metabolites of the intestinal microbiota have been implicated in the promotion of SASP
secretion. Deoxycholic acid is an obesity associated metabolite produced by the intestinal

microbiota that causes DNA damage and can induce cellular senescence and promote SASP
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secretion in murine hepatic stellate cells in vitro [146]. Microbial metabolism of choline and
phosphatidylcholine produces trimethylamine, which can be further metabolised to
trimethylamine-N-oxide (TMAO). TMAO can induce cellular senescence by causing
mitochondrial damage, leading to secretion of SASP [147]. Altered levels of circulating TMAO
has also been linked to the development of several diseases, including cardiovascular disease,
PD, and AD [147-152].

The age-associated accumulation of SASP-producing senescent cells may negatively impact
intestinal homeostasis. The absence of an intestinal microbiota in GF mice protects them from
the accumulation of senescent B cells in intestinal germinal centres in old age. In comparison,
B cell senescence in SPF mice leads to a decline in intestinal IgA production and diversity. This
reduction, in turn, contributes to age-associated changes in the composition of the intestinal
microbiota [153]. Age-dependent increases in intestinal cellular senescence has been
observed in intestinal tissues in mice and humans [154-156]. In mice, cellular senescence has
also been linked to alterations in intestinal barrier permeability, immune activation, and
intestinal microbiota composition [156]. It is possible that a positive feedback loop exists, where
the intestinal microbiota influences the development of cellular senescence and SASP
secretion, while SASP secretion potentiates age-associated changes to the intestinal

microbiota.

1.4.1. Intestinal permeability

An increase in intestinal barrier permeability, leading to an increased translocation of microbial
antigens across the intestinal barrier, may be a driver of inflammageing. Evidence supporting
this hypothesis comes from animal models, including rodent and NHP studies [34, 140, 157-
160]. For example, increased translocation of a fluorescent tracer molecule to the bloodstream
was observed in aged mice compared to young mice following administration by oral gavage
[140]. In baboons, transepithelial electrical resistance (TEER), an electrophysiological measure
of permeability, and expression of tight junction proteins zonula occluden (ZO)-1, occludin, and
junctional adhesion molecule (JAM)-A were decreased in colonic tissue from older baboons

(>18 years) compared to young animals [161].

Work in humans has been contradictory, with no definitive evidence for an age-associated
increase in intestinal permeability in healthy humans [162-166]. In healthy older adults (65-75
years), in vivo intestinal permeability was not increased compared to young adults (18-40
years) when assessed by urinary sugar excretion tests. Intestinal permeability of ex vivo
sigmoid colon biopsies, assessed by TEER measurements and translocation of a fluorescent
tracer molecule, was similar between age groups. Expression of genes related to formation of
tight junction proteins and immune responses (AMPs, cytokines, and PRRs) were also
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unaffected by age [163]. Conversely, in ileal tissue biopsies, age was associated with increased
permeability to solutes, although not macromolecular particles. This did not correspond with
altered expression of tight junction proteins, ZO-1, occludin, and JAMA-1, but was correlated
with increased IL-6 expression in ileal tissue from older adults (67-77 years) [162]. Although
evidence for altered intestinal permeability in healthy older adults and the elderly is
inconclusive, intestinal permeability is increased in patients with IBS and type 2 diabetes
independently of age [163, 164]. This suggests that age-associated factors, such as co-

morbidities, may affect intestinal barrier function.

In animal models, increased intestinal permeability is linked with age-associated alterations to
the intestinal microbiota, with work in mice providing evidence that the intestinal microbiota may
at least partially drive these changes. Intestinal fatty acid binding protein (I-FABP) and
lipopolysaccharide binding protein (LBP), surrogate biomarkers of intestinal permeability, were
elevated in young mice following the transfer of an aged donor microbiota via faecal microbial
transplant (FMT). This also resulted in elevated circulatory IL-6 [34]. Additionally, a study which
co-housed GF mice with aged SPF mice found that the intestinal paracellular permeability of
GF mice was increased. This effect was not seen when GF mice were co-housed with young
mice. Intestinal barrier permeability was also elevated in aged TNF knock-out mice compared
to wild-type controls, and anti-TNF treatment in older mice led to alterations in microbial
community composition. [140]. In simian immunodeficiency virus-infected pig-tailed macaques,
reduction of circulating levels of lipopolysaccharide (LPS) by sequestration with the drug
sevelamer was shown to reduce intestinal permeability and systemic inflammation, providing
evidence that translocation of bacterial products into the bloodstream is a driver of inflammation
and intestinal permeability [167]. Together, these findings further support a connection between

age-related inflammation, intestinal permeability, and microbial dysbiosis.

1.5. The intestinal mycobiome

1.5.1. The composition of the intestinal mycobiome

Fungi are components of the intestinal microbiota, though the community structure and function
of fungal commensals, known as the ‘mycobiome,” are less understood than that of their
bacterial counterparts. In healthy humans, fungal abundance and diversity in the human
intestinal tract is lower than that of bacteria [168]. Despite this, there is evidence that they
interact with other members of the commensal microbiota as well as the host immune system
[169].

The fungal mycobiome of healthy humans is composed of taxa mainly from the Ascomycota
and Basidiomycota phyla, although composition and diversity vary according to geographical

location [168, 170]. A meta-analysis of the intestinal mycobiome from several populations has,
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however, shown broad structural and compositional patterns that are common across studies
and geographical regions. This led to the definition of four enterotypes that all individual
mycobiome datasets could be assigned to. The enterotypes are characterised by an
abundance of Saccharomyces (mainly Saccharomyces cerevisiae), Candida (Candida
albicans), and Aspergillus. The fourth enterotype was dominated by an Ascomycota phylum
that was unclassified at the genus or species level [170]. Notably, although it is a benign
commensal in the majority of healthy individuals, C. albicans is an opportunistic pathogen,

capable of causing disease in primarily immunocompromised individuals [171].

A separate study of the faecal mycobiome in a Chinese cohort found several genera, including
Saccharomyces, Candida, Aspergillus, and Malassezia, were highly prevalent within the
population. The prevalence of these genera remained stable during a period of over 3 years,
suggesting that they represent core fungal taxa. Associations between human metabolic health
outcomes and fungal genera were also explored. Blastobotrys was positively associated with
increased levels of low-density lipoprotein. Malassezia and Kazachstania (a genus which has
since been taxonomically revised [172]) were found to be positively associated with fasting
glucose and waist circumference, respectively, while Saccharomyces was inversely associated
with fasting glucose. Saccharomyces was also positively associated with bacterial alpha-

diversity, while Candida was negatively associated [173].

There are a limited number of studies investigating the intestinal mycobiome of NHPs, but
existing research suggests similarities to humans at the phylum level. As in humans, a study of
the wild and captive cynomolgus and Tibetan macaques faecal mycobiome found that it is

dominated by Ascomycota and Basidiomycota [174, 175].

1.5.2. The immunomodulatory role of the intestinal mycobiome

Several studies have provided evidence of the immunomodulatory role of intestinal fungi [176-
178]. Fatal susceptibility to colitis and influenza-A virus infection in mice whose intestinal
bacteria had been eradicated with antibiotics is rescued by mono-colonisation with C. albicans
or S. cerevisiae. Administration of a fungal cell wall component, mannan, also improves
survival, suggesting that it is responsible for mediating these effects [176]. Disruption of
intestinal fungal communities using anti-fungal drugs elicits fungal dysbiosis, increased severity
of acute and chronic models of colitis, and exacerbated allergic airway disease in mice [177].
This is suggestive that commensal fungi protect against infection and intestinal injury, and that
fungal dysbiosis may influence peripheral immune homeostasis. These outcomes were also
associated with decreased relative abundance of specific bacterial taxa, including Bacteroides,
Clostridium, and Lactobacillus species [177]. This indicates the presence of inter-kingdom
interactions, with the disruption of either community impacting the other. Evidence of these
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interactions were further demonstrated in a study where both bacterial and fungal community
structure was impacted by co-colonisation, compared to colonisation by bacteria or fungi alone
[178]. As previously discussed, microbial colonisation in early life is known to be important for
immune system maturation. Fungal colonisation in early life also induced changes in local and
systemic immunity in GF mice, providing evidence that fungal taxa can stimulate immune
responses. Co-colonisation with bacteria resulted in the greatest changes, compared to
bacteria or fungi alone, showing a larger shift in abundance of splenocyte populations and

cytokine production [178].

The immunomodulatory capabilities of intestinal fungi may explain their possible role in the
exacerbation of several human diseases, including inflammatory bowel disease (IBD),
coronavirus disease 2019 (COVID-19), disease progression of chronic hepatitis B virus
infection, Hirschsprung-associated enterocolitis, graft-versus-host disease, colorectal cancer,
and AD [179-189]. Some fungal species are directly implicated in disease genesis, such as
pathobionts within the Candida genus, for which a link has been shown between their
expansion in the intestine and candidemia, an invasive Candida infection in the bloodstream
[190]. C. albicans is the most common cause of candidiasis, a broad term for Candida infection
of any organ or tissue, due to its high pathogenicity. However, infections caused by species
including Candida glabrata, C. tropicalis, C. parapsilosis and C. krusei also rank in the top five
Candida species causing disease globally [171, 191]. The pathogenicity of Candida species is
mediated by their ability to adhere to host tissues, evade host defences, and produce hydrolytic
enzymes, including proteases, phospholipases, and haemolysins [192]. Several Candida
species are capable of growing elongated, filamentous cells known as pseudohyphae if they
have constrictions between cells, or hyphae if there are no constrictions [193]. Only C. albicans
and Candida dubliniensis produce hyphae, which are key for invasion of host tissue and
mediating cell damage [194]. Some Candida species, notably C. albicans but also C. tropicalis
and C. dubliniensis, also produce candidalysins, cytolytic peptide toxins, which are potent

inducers of cell damage and cytokine responses [195, 196].

1.5.3. The intestinal mycobiome in ageing

Recent studies have explored the characteristics of the age-associated intestinal mycobiome
in humans. The largest of these, incorporating data from >3000 faecal samples from multiple
geographical locations, found that the Candida and Ascomycota enterotypes were enriched in
participants >60 years, while Saccharomyces and Aspergillus enterotypes were enriched in
participants <30 years. Certain genera, including some which contain opportunistic pathogens,

were also positively associated with age, including Cutaneotrichosporon and Candida. The
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Candida enterotype was also significantly associated with patients with chronic diseases such
as type 2 diabetes and AD [170].

A separate study which investigated the mycobiome of a Chinese cohort, including
centenarians, (n=311) similarly found age was associated with an increased abundance of an
enterotype characterised by a dominance of Candida. The number of observed taxa was also
significantly reduced with age, suggesting a decrease in microbial diversity, aligning with the
findings of Lai et al. [170, 197]. The Candida enterotype was associated with a bacterial
enterotype characterised by an abundance of Bacteroides in both young and long-lived
individuals, suggesting that the mycobiota of centenarians is characterised by its similarity to
that of younger populations. Importantly, participants with chronic diseases, acute intestinal
diseases, impaired cognition, malignant neoplasia, or acute infectious disease were excluded
from the study, indicating that the centenarian mycobiome in this cohort is associated with
healthy ageing [197]. Additionally, this association with health may be at least partially mediated

by inter-kingdom interactions between fungal and bacterial species.

Together, these studies provide evidence for age-associated changes to the intestinal
mycobiome. In a subset of individuals, alterations to the intestinal mycobiome occur which is
characterised by an enrichment of pathobionts, including Candida, which may be associated
with increased risk of age-associated morbidities [170]. The immunomodulatory capacities and
inter-kingdom interactions of specific fungal commensals may determine whether these

changes lead to health or disease-associated outcomes.

1.6. The role of the intestinal microbiota in age-associated

neuroinflammation

1.6.1. The microbiota-gut-brain axis in ageing

The microbiota-gut-brain axis comprises the bi-directional communication pathways between
the intestinal microbiota and the CNS. This includes signalling via intestinal microbial
metabolites and products which can influence the CNS through both direct and indirect
mechanisms. The metabolites include or modulate the production of host neurotransmitters,
hormones, and amino acids, which may act through the immune system, the enteric nervous

system, the neuroendocrine system, or the circulatory system to influence the CNS [10].

One of the key ways in which the microbiota-gut-brain axis facilitates communication between
its organ systems is through immunological signalling via the intestinal and peripheral immune
system. As Powell, Walker, and Talley [198] note, there are three ways in which the immune
system may achieve communication with the brain. Firstly, through bloodborne cytokines

produced by immune cells in the intestinal tract or the periphery, or other humoral factors such

35



as hormones and bacterial lipopolysaccharide. Secondly, through immune cells triggering
signals in afferent sensory fibres and/or enteric nerves which are then relayed to the brain via
neurons. Lastly, through the trafficking of circulatory immune cells to the brain, thus allowing
the release of inflammatory mediators close to the relevant brain structures. As previously
discussed, the intestinal microbiota has significant impacts on the development and function of
host immunity. Age-associated intestinal dysbiosis may therefore render the CNS vulnerable to

changes in host immune function.

FMT studies have demonstrated the impact that the intestinal microbiota can have on CNS
inflammation and function. For example, young mice receiving a microbiota transplant from
aged donors exhibit increased retinal and CNS inflammation, impaired spatial learning and
memory, and reduced microbial SCFA production [34, 35]. The SCFA butyrate has an inhibitory
effect on inflammatory responses in in vitro cultures of CNS cells and ex vivo tissue samples,
suggesting a mechanistic link between reduced SCFAs and CNS impairment [199]. In another
study, GF mice transplanted with the microbiota of aged mice showed decreased spatial
learning and memory, along with diminished SCFA levels, compared to those receiving
transplants from young donors [36]. These studies provide evidence that the aged microbiota
alone is sufficient to induce CNS inflammation and cognitive decline in rodents, and that this
effect may be linked to reduced SCFA production. This prompts the question of whether the

intestinal microbiota could play a role in regulating age-related inflammation in the CNS.

1.6.2. Microglia

Microglia, the brain's resident immune cells, are key regulators of neuroinflammation, and their
activation is a hallmark of neurodegenerative disease [200]. The age-associated increase in
neuroinflammation has primarily been attributed to persistent changes in microglial functional
profiles and morphology. Microglia play essential roles in maintaining brain homeostasis,
including monitoring and pruning neuronal synapses, driving oligodendrocyte differentiation,
and phagocytosis [201]. In their resting state, under homeostatic conditions, microglial cells are
ramified cells with long, thin, motile processes and a small cell soma. These processes
continuously sample the brain parenchyma, allowing the cells to respond to changes in

homeostasis [202].

In neuroinflammation, however, microglia become dysregulated. This results in synaptic loss
and accumulation of cellular debris as their phagocytic capacity becomes overwhelmed [201].
In response to inflammatory stimuli, resting microglia transition to an activated, or disease-
associated, morphology [203]. Activated microglial processes are greatly enlarged, becoming

shorter and thicker, as is the cell soma. Functional changes also occur, with activated microglia
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expressing an increased number of activation markers and producing pro-inflammatory

cytokines, chemokines, and reactive oxygen species [204].

Microglial cells in the aged human brain are associated with dystrophic morphology,
characterised by de-ramified processes, meaning the fine cytoplasmic processes seen in
resting microglia become shorter, thicker, and often fragmented [205, 206]. The cell soma is
enlarged as in the activated phenotype, and accumulates lipofuscin with age, a degraded
phagocytic material which appears as a brown pigment [203, 205-207]. Dystrophic microglia
are associated with a primed phenotype, characterised by upregulation of antigen presentation
molecules (APCs) (e.g. major histocompatibility complex class II (MHC-II)), expression of pro-
inflammatory mediators, and downregulation of regulatory molecules (e.g. CX3C chemokine
receptor 1 (CX3CR1)) [208-212]. Upregulation of molecules associated with antigen
presentation, including MHC-II and cluster of differentiation (CD) 86, has been associated with
ageing in rodents, humans and NHPs [208, 213-215]. Rodent studies provide evidence that
primed microglia exhibit an exaggerated, prolonged response to inflammatory stimuli [210, 215,
216]. In aged mice administered with LPS, prolonged sickness, increased pro-inflammatory
cytokine expression in the brain, and enhanced inflammatory gene expression in microglia
were seen compared to adults [215]. A separate study also found increased pro-inflammatory
cytokine expression in microglia in old compared to young mice, which was further potentiated
upon exposure to LPS [210]. Exposure of microglia from aged rats to LPS induced increased
pro-inflammatory cytokine expression compared to microglia from young animals. Gene
expression of microglial activation markers CD11b, ionized calcium-binding adaptor molecule
1 (Iba1), and MHC-Il was significantly increased in microglia from aged rats regardless of
exposure to LPS [216]. Increased Iba1® immunoreactivity has also been observed in the brains
of mice challenged with LPS [217]. Primed microglia also show functional deficits, including
decreased phagocytic capacity and reduced speed of migration to inflammatory sites [203,
218].

Mouse studies provide evidence for the role of the intestinal microbiota in regulating microglia.
In GF mice microglial cells display an immature phenotype, and their function is impaired
compared to those of SPF mice. These defects were partially rescued by either restoration of
the intestinal microbiota or administration of a mixture of SCFAs (propionate, butyrate, and
acetate) [219]. Administration of a broad-spectrum antibiotic cocktail in early life to mice also
resulted in altered microglial morphology, accompanied by anxiety-like and compulsive-like
behaviours in adolescence [220]. Prolonged antibiotic treatment in mice has been associated

with subtle morphological changes associated with an activated morphology, increased
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expression of activation markers CD40 and MHC-II, and an increased number of Iba1” cells in

the hippocampus [221].

1.6.3. Blood-brain barrier

The blood-brain barrier (BBB) is a semi-permeable membrane which separates the circulatory
system and the CNS and helps to control the brain microenvironment. It consists of tightly
sealed brain microvascular endothelial cells (BMECs) that form the walls of cerebral blood
vessels. Microglia, astrocytes, neurons, the extracellular matrix, and pericytes, help to regulate
the BBB in a structure known as the neurovascular unit (NVU) (Figure 1.2). Tight junction
proteins are a key component of the BBB and are composed of three types of molecules:
occludins, claudins, and JAMs [222]. These proteins form a continuous band around cerebral
blood vessels, restricting the entry of most blood-borne substances into the CNS, including
pathogens [222, 223]. The BBB also regulates immune cell trafficking into the CNS under
homeostatic conditions [224]. However, the expression of tight junction proteins can be reduced
during heightened inflammation. This may increase the accessibility of microbial and immune

factors to the brain, resulting in increased neuroinflammation [225].
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Figure 1.2. The human blood-brain barrier (BBB) neurovascular unit (NVU) in (a) healthy and (b)
diseased states. Increased permeability in the diseased state is associated with increased
inflammation due to infection or injury, resulting in altered BBB and NVU structure and function.
Infiliration of blood-borne immune cells and inflammatory mediators, including cytokines,
chemokines, microbes, and microbial products into the brain microenvironment enhances local
inflammation, leading to dysfunction and loss of extracellular matrix, astrocytes, neurons, and
microglia. This figure was sourced from Parker, Fonesca, and Carding (2020) [1].

Several studies in rodents have demonstrated the link between the intestinal microbiota and
BBB permeability. It should be noted that while the BBB is structurally similar in rodents to
humans, differences, including increased expression of tight junction and transporter protein

expression, are seen in the rodent BBB [226, 227]. Rodents also display differences in
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astrocyte morphology, including the structure of astrocytic end-feet, and lack interlaminar
astrocytes, a cell type which is specific to primates and may help regulate the BBB in the cortex
[228, 229]. Reduced tight junction expression in the BBB and a corresponding increase in BBB
permeability was observed in GF mice compared to SPF mice, suggesting that the microbiota
has a role in maintaining BBB integrity. The study also showed that BBB integrity may be
specifically linked to SCFA production by the intestinal microbiota. Administration of the butyrate
producer Clostridium tyrobutyricum or oral administration of sodium butyrate upregulated BBB
tight junction proteins and decreased BBB permeability in GF mice [230]. Butyrate and
propionate administration has also been found to have a protective effect on the induction of
neuroinflammation, both in ageing mice and an in vitro human brain endothelial cell culture
model [231, 232]. Conversely, high levels of the neurotoxic microbial tryptophan derivative,
quinolinic acid, negatively impact BBB integrity, by enhancing plasma protein extravasation
from the circulatory system to the brain in rats [233]. Human ex vivo and in vitro studies have
shown that high levels of circulating microbes or microbial products, as might occur following a
breakdown in intestinal epithelial barrier integrity, are associated with decreased BBB integrity
[234, 235]. Post-mortem samples of patients with fatal sepsis found a decreased expression or
absence of tight junction molecules, including occludin and claudin-5 [234]. Exposure of human
BMECs to LPS in vitro was also associated with decreased tight junction protein expression
[235].

1.7. Intestinal microbiota in neurodegenerative diseases

Intestinal dysbiosis and inflammageing have been implicated in the development of
neurodegenerative diseases, with AD and PD being the most common [39-47, 236-238]. FMT
studies in rodent models using faecal material from patients with neurodegenerative diseases
have partially recapitulated disease pathology and symptoms [37, 38]. This is suggestive of a
causal relationship between intestinal dysbiosis and disease progression that is mediated by
the microbiota-gut-brain axis. Although the precise mechanisms are not yet fully elucidated, the

known role of the intestinal microbiota in AD and PD is briefly outlined here.

1.7.1. AD

AD patients have an altered intestinal microbiota composition compared to heathy, elderly
controls. However, the changes observed in AD patients are not common to all studies, making
it difficult to define a compositional shift, or microbial signature, associated with AD [39-41]. In
a study of 43 AD patients and an equal number of age-matched controls, the proportion of
Bacteroidota was significantly reduced in AD patients, while Actinomycetota were increased
[39]. In contrast, Vogt et al. found that Actinomycetota and Bacillota were decreased in 25 AD
patients, while Bacteroidota were increased. They found that Bifidobacterium and Adlercreutzia
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were significantly decreased at the genus level, accounting for the decrease in Actinomycetota.
Within Bacteroidota, Bacteroides and Alistipes were increased [40]. Liu et al. also observed
reduced levels of Bacillota and Bacteroidota in AD patients, in addition to an increased
abundance of Pseudomonadota. Commensal diversity, as assessed by Shannon and Simpson
indices but not Chao1, was reduced in AD patients [41]. These discrepancies may be due to
different patient populations, lifestyle, study design, and methodological factors. Notably, in the
study conducted by Liu et al. alterations in the intestinal microbiota composition were seen in
patients with mild cognitive impairment, a pre-dementia stage of AD, suggestive that intestinal
dysbiosis arises at an early stage of the disease. A progressive increase in the class
Gammaproteobacteria, the order Enterobacteriales, and family Enterobacteriaceae in patients
with mild cognitive impairment and AD compared to healthy controls was also seen, suggestive

of a link between these taxa and AD progression [41].

The pathological hallmarks of AD include accumulation of AR pathology and neurofibrillary
tangles, microglial activation, and neuron and synapse loss. The appearance of disease-
associated pathology precedes clinical symptoms, which is characterised by memory loss and
cognitive decline [239]. In addition to studies in humans, rodent models provide some evidence
of a link between compositional changes in the intestinal microbiota and AD symptoms and
pathology. Notably, antibiotic-treated young rats receiving a microbiota from a human AD
patient resulted in cognitive deficits and impaired adult hippocampal neurogenesis [37]. This
indicates a causal role for the intestinal microbiota in AD pathogenesis. Abnormal production
of phenylalanine and isoleucine by the intestinal microbiota has also been observed in an
5xFAD transgenic mouse model of AD, which was shown to induce the expression of peripheral
Th1 cells. Subsequently, the Th1 cells infiltrate the brain and trigger neuroinflammation, which
is ablated in response to treatment with antibiotics, indicating a role for the intestinal microbiota

in driving peripheral immune cell infiltration to the brain in AD [240].

Additionally, several studies have shown that manipulating the intestinal microbiota impacts the
severity of AR pathology and neuroimmune activation in genetic mouse models of AD. Cox et
al. reported a sex-specific age-related increase in Bacteroides in female mice compared to wild
type mice in a mouse model of AD. Elevated Bacteroides abundance was shown to strongly
correlate with AR plaque formation. Administration of Bacteroides fragilis to young, female
APP/PS1 mice, a separate mouse model of AD, was also shown to drive AR formation [241].
An independent study of APP/PS1 mice showed a sex-specific decrease in AB deposition,
microglial morphology, and peripheral inflammatory biomarkers in male mice treated with
antibiotics to deplete the intestinal microbiota [242]. A subsequent study by the same group

found that short-term antibiotic treatment in APP/PS1 male mice in early life (2-3 weeks)
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reduced AB pathology and microglial activation at 9 weeks. Microglial depletion mitigated these
protective effects, suggesting microglia may be essential for driving these antibiotic-mediated
effects [243]. Together these studies indicate that there may be sex-specific mechanistic links
between intestinal microbiota composition and AD progression. A decrease in the
Firmicute:Bacteroidota ratio and Akkermansia abundance in conventionally colonised
APP/PS1 mice has also been observed when compared to wildtype controls. The abundance
of Akkermansia also negatively correlated with AB42 deposition in the brain. Subsequent
generation of GF APP/PS1 mice was associated with a reduction of AR deposition in the brain,
as well as a decrease in microglial activation and levels of neuroinflammatory cytokines [244].
A separate study of antibiotic exposure in APP/PS1 mice resulted in reduced AB plaque
deposition in the brain and altered populations of blood-circulating and brain-residing lymphoid
cell populations, further indicating a link between the intestinal microbiota and AD pathogenesis
[245].

1.7.2. PD

Intestinal symptoms are common in PD patients, often preceding clinical manifestations of the
disease, with increased inflammatory and intestinal permeability markers seen in PD patients
compared to age matched controls [237, 246]. An increased incidence of symptoms such as
constipation are observed in patients who go on to develop PD up to a decade before diagnosis
[246]. Alterations to the intestinal microbiota have also been observed in patients with PD,
suggesting the involvement of the microbiota-gut-brain axis in PD development [42-47]. As with
AD, the microbial alterations vary across studies, making it difficult to define a PD-associated
microbial signature. However, a recent meta-analysis of ten studies investigating the PD-
associated intestinal microbiome using 16S rRNA gene sequencing found enrichment in the
genera Lactobacillus, Akkermansia, Hungatella, and Bifidobacterium to be common across
studies when the datasets were pooled. Depletion of the SCFA producers
Faecalibacterium and bacteria in the Lachnospiraceae family was also observed [47]. The
depletion of these genera aligns with studies that link low levels of faecal acetate, propionate,
and butyrate, speculated to be mediators of microbiota-gut-brain axis crosstalk, to PD [45, 247,
248]. Microbial richness was also observed to be increased in PD patients. When studies were
considered individually, however, the number of taxa found to be significantly different between
PD patients and healthy controls varied. Changes in diversity indices also varied. These
discrepancies highlight the effect that different study populations, study methodology, and
analysis methods may have on the results of cross-sectional studies of commensal microbiome

communities and structure [47].
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A meta-analysis of six studies investigating the PD-associated intestinal microbiome using
shotgun metagenomic sequencing, in contrast, found that alpha diversity, assessed with
Shannon index, was increased across all datasets in PD patients. As in studies using 16S rRNA
sequencing, genera such as Akkermansia, Bifidobacterium, and Hungatella, but not
Lactobacillus, were enriched in PD patients. Faecalibacterium, however, was depleted. At
species level, Akkermansia muciniphila was significantly enriched, while Roseburia
intestinalis and F. prausnitzii were depleted. The study also identified a significant decrease in
riboflavin and biotin biosynthesis pathways, which was correlated with decreased faecal SCFA
concentration [249]. Therapeutic administration of riboflavin and biotin are associated with
amelioration of neuroinflammation and neurotoxicity, respectively, and treatment with riboflavin

has been linked with improved motor function in PD [250-252].

Mouse studies provide evidence for a link between the intestinal microbiota and PD-associated
pathology [38, 253]. The pathological hallmark of PD is the intracellular aggregation of a-
synuclein in the brain, which is associated with neuronal cell death and neuroinflammation.
Both a-synuclein pathology and microglial activation were found to be exacerbated in SPF a-
synuclein-overexpressing mice, compared to their GF or antibiotic-treated counterparts. An
FMT in GF mice from PD human patient donors was also shown to induce PD-associated
pathology and motor deficits, suggesting a causal role of the PD-associated intestinal
microbiota in disease pathogenesis [38]. Further evidence comes from a separate, chemically
induced, mouse model of PD, in which a FMT from wild-type mice ameliorated PD-associated
pathology, reducing glial activation, intestinal inflammation, neurotransmitter abnormalities, and
motor deficits. A FMT from the same mouse model also induced PD-associated pathology in

wild-type, healthy mice [253].

1.8. Intestinal microbiome as a therapeutic target

Growing awareness of the intestinal microbiota's influence on immunity and disease
progression has led to its recognition as a promising therapeutic target. Recently, FMT has
been the subject of several clinical trials for the treatment of PD, with the results suggesting
that it is a safe, well-tolerated, and beneficial treatment for patients with early to mid-stage PD
[254-256]. A small trial of FMT in patients with early-stage PD (n=46) found beneficial effects
on motor symptoms that continued to be observed until the 12-month follow-up [254]. A second
trial (n=12) found temporary improvements in motor symptoms, but found that the FMT
alleviated gastrointestinal symptoms, including constipation, intestinal transit times, and
intestinal motility [255]. An 11-month trial of patients with mild-moderate PD (n=52) who were
given an FMT via an oral capsule also reported improved motor and gastrointestinal symptoms

[256]. These trials demonstrate that the use of FMT is clinically feasible and effective for the
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treatment of early-mid stage PD. Whether FMT would be effective in patients in advanced

stages of the disease is unknown.

Although no clinical trials on FMT in AD patients have yet been carried out, a case report of an
82-year-old man showed rapid improvement in their AD symptoms following FMT treatment for
recurrent Clostridioides difficile infection. At 2 and 6-month follow ups the individual displayed
significant improvements in their cognition and mood [257]. Although the exact mechanisms of
FMT in these cases are unknown, the results of these trials and case reports show that FMT
for neurodegenerative disease may be an effective treatment with minimal side effects. In
addition, they add to the evidence of a causal link between intestinal dysbiosis and neurological

dysfunction in humans, aligning with what has been found in animal models.

Similar beneficial effects have been observed following FMT for the treatment of other chronic
inflammatory conditions, including IBD [258]. FMT in rhesus macaques infected with simian
immunodeficiency virus was also found to be well tolerated and enhanced the frequency of
beneficial immune cell populations [259]. These findings, along with, as previously discussed,
results from animal studies linking intestinal dysbiosis to inflammageing and
immunosenescence, suggest that FMT and other microbiota-modulating methods, such as
antibiotic or probiotic treatments, may positively impact neuroinflammation and systemic

inflammation

1.9. The suitability of NHPs as models for human ageing

The use of animal models in research enables researchers to elucidate disease mechanisms
by performing experiments which are not ethically possible in humans. It also allows
researchers to control many environmental variables that could influence study outcomes in
humans and may not be fully accounted for through statistical analysis [260]. While rodent
models are valuable for research, the translational gap between findings in rodents and
humans, particularly in studies of neurodegenerative disease, underscores the limitations of
relying solely on rodent research [261-263]. NHPs, and particularly Old World NHPs, are
genetically and physiologically similar to humans, and their outbred nature allows validation of
research findings that goes beyond what can be proved in principle by genetically inbred rodent
models maintained under tightly controlled environmental conditions [49]. NHPs may be
particularly valuable for ageing research due to their similar ageing process to humans and
their brain structure, which more closely resembles that of humans compared to rodents. They
are also susceptible to age-related chronic diseases, and their immune responses are
analogous to humans, suggesting that immunosenescence may also develop similarly [264,

265]. As in humans, NHPs experience age-related declines in sensory, motor, and cognitive
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function, as well as changes in social interactions [266, 267]. AB pathology and tau aggregation

are also found to naturally occur in elderly NHPs [260, 267].

As exemplified by much of the research discussed here, our understanding of how ageing
effects communication in the microbiota-gut-brain axis and the development of inflammageing
relies heavily on rodent studies. The benefits of using rodents in research compared to NHPs
includes their short lifespans, relatively low cost of managing and maintaining aged
populations, and availability of genetically modified strains [263]. The long lifespan of NHPs, in
comparison, makes ageing research using these animal models challenging from a cost and
planning perspective, and their use is associated with a number of ethical implications [268]. If
the use of NHPs in a research project is deemed necessary, selection of the particular species

used also requires careful consideration.

The use of New World NHP models in ageing research may be preferable due to their smaller
size and relatively shorter lifespan, which helps reduce housing costs and improves the
feasibility of longitudinal studies [269, 270]. The common marmoset, for example, which has
recently been established as a valuable model for ageing research, has an average lifespan of
five to seven years and a maximum lifespan of 16% years [271]. Further advantages of New
World species include a high reproductive efficiency, reduced floor space requirements, and,
for pharmacological studies, reduced compound synthesis requirements compared to larger
Old World species. The smaller size of New World species also makes handling and husbandry
comparatively easier [269, 270]. However, their reduced evolutionary proximity to humans
compared to Old World species may make them less an attractive option, depending on the
needs of the study [270]. All these factors should be considered when determining the suitability

of a particular NHP species.

Despite the high costs and ethical implications associated with their use, the high translational
value of NHPs to humans make them an attractive model for ageing research. This may be
especially true for studies investigating the efficacy of microbiome-targeted therapies, where

potential negative health consequences may render human trials inappropriate.

1.10. Conclusions

There is ample evidence that the intestinal microbiome undergoes age-associated alterations
in humans, NHPs, and rodents. Numerous, primarily rodent, studies also show that modulation
of the intestinal microbiota can alter immune function, potentially linking age-associated
intestinal dysbiosis to inflammageing. Although the bacterial component of the intestinal
microbiota receives more attention, there is evidence that fungal commensals could also play

a role in inflammageing. Fungi have immunomodulatory effects, and the composition of the
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intestinal mycobiome has been shown to change with age in humans. Modulation of the
intestinal microbiome is associated with inflammatory disease-associated pathology in the
intestine and the brain, which is likely mediated by the microbiota-gut-brain axis. Early phase
clinical trials have shown that microbial modulation of the intestinal microbiome via FMT may
be a safe and effective treatment option for inflammatory diseases, including
neurodegenerative disease. Inflammageing is a common factor in the development of age-
associated functional decline and diseases. Further research is needed to confirm the role of
the intestinal microbiota in driving inflammageing, clarify the mechanisms linking intestinal
dysbiosis to its development, and assess whether modulating the microbiome could be an
effective treatment for inflammageing. Given the translational gap between rodent models and
humans, NHPs may serve as a more relevant animal model for studying age-related

vulnerabilities of the microbiota-gut-brain axis.

1.11. Aims

The cynomolgus macaque, an Old World NHP, is a commonly used model in biomedical
research. However, in comparison to the closely related rhesus macaque, the characterisation
of the structures which form the microbiota-gut-brain axis has been limited. The aim of this
thesis was to determine the relevance of cynomolgus macaques as a model for studying the
effect of ageing on the microbiome-gut-brain axis and inflammageing in humans. It addresses
the hypothesis that the microbiota-gut-brain axis is analogously affected by age in cynomolgus
macaques and humans. To test this hypothesis, the effects of ageing on the brain, the intestinal
tract, and the composition of both the prokaryome and mycobiome across multiple regions of
the intestinal tract, from duodenum to the distal colon, were characterised in a cohort of healthy,

captive-bred cynomolgus macaques of differing ages. Specifically, the main objectives were:

e Toinvestigate the effect of age on intestinal morphology and goblet cell density in small
and the large intestinal tissue samples (Chapter 3).

e Determine the concentration of blood inflammatory and intestinal barrier permeability
markers across the lifespan (Chapter 3).

e To conduct a taxonomic and functional survey of the intestinal prokaryome in six regions
of the intestinal tract (duodenum, jejunum, ileum, caecum, proximal colon, and distal
colon), and assess the effect of age on its composition, diversity, and function (Chapter
4).

e To conduct a taxonomic survey of the intestinal mycobiome in the same six intestinal

regions and assess the effect of age on its composition and diversity (Chapter 5).
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e To characterise the accumulation of age-associated brain pathology in ageing
macaques in the midbrain, SN, hippocampus, and cerebellum, as well as to assess the

relationship between brain iron accumulation and microglial activation (Chapter 6).
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2.0. Chapter 2: Materials & Methods

2.1. Animals

2.1.1. NHPs

All animal procedures required for these studies were conducted by UK Health Security Agency
(UKHSA) staff, approved by the UKHSA Porton Down Establishment Animal Welfare and
Ethical Review Body (Project License: PD28B8EDS) and authorised under a UK Home Office
license to breed, supply, and use macaques for scientific research (Establishment license:
XBF9440B0). All animals used in this study were required to be euthanised as part of colony
management requirements. Animals enrolled onto this study were culled for reasons separate
to the study objectives, such as ex-breeder status designation, diagnosis of non-infectious
disease or illness, or abnormal or aggressive behaviour. Samples from 40 cynomolgus
macaques were included in this study, ranging in age from 0-20 years old. Samples were
collected on an ad hoc basis, with the aim to collect brain tissue, intestinal tissue, plasma
samples, and intestinal luminal/faecal content from each animal, although this was not possible
for all animals. The animals were categorised into three age groups, young (< 7 years), adult
(8-12 years), and aged (> 13 years). All animals were housed and captive-bred at a UKHSA
facility and are derived from either Mauritian or South-East Asian origin. No new animals have
been introduced to these colonies since 2004. The breeding colonies were, and continue to be,
maintained to the highest standard in terms of animal welfare, health status, genetic profile,
and behavioural compatibility, compliant with the UK Home Office Code of Practice for the
Housing, and Care of Animals Bred, Supplied or Used for Scientific Purposes, 2014. Animals
were housed in compatible social groups, either in harem breeding groups, or single sex, aged-
matched holding groups. Their accommodation consisted of climate controlled, multiple room,
solid floor caging systems, with a floor of deep litter in the largest rooms to allow foraging and
access to a non-climate controlled external ‘extension’ pen which is open to the elements.
Additional complex enrichment was provided to fulfil the behavioural needs of the animals.
Water and a complete primate diet was provided ad libitum, and supplemented daily with fruits,
vegetables, and pulses. None of the animals included in the present study had been used

previously for experimental procedures.

2.1.2. Mice

All murine experimental work and sample collections were carried out by Dr Aimée Parker. Male
and female SPF (C57BL/6-SPF) mice aged 3 months or 24 months, and male GF (C57BL/6-
GF) mice aged 3 months, were maintained in individually ventilated cages (SPF) or in sterile
isolators (GF) in adjacent rooms of the Quadram Institute Germ-Free mouse facility within the

University of East Anglia Disease Modelling Unit. All mice received autoclaved water and were
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fed RM3 (SPF) or RM3-(Autoclavable) (GF) diet (Special Diets Services). All mice were
maintained under 12-hour light-dark cycle. All mouse experiments were conducted in full
accordance with EU and United Kingdom Home Office Legislation, and the Animals (Scientific
Procedures) Act, 1986 (UK). The study was approved by the University of East Anglia Animal
Welfare and Ethical Review Body. All procedures were conducted under the authority and in

compliance with UK Home Office project license number P723E9201.

2.2. Fungal administration for in vivo mouse experiments

Administration of C. albicans to mice was carried out by Dr Aimée Parker. C. albicans cells
were administered to GF mice by oral gavage at doses of 2.5 x 10° (n = 5) or 5.0 x 10° (n = 5)
in a volume of 200 pL in phosphate buffered saline (PBS) or 2.5 x 10* cells in a volume of 100
uL in PBS via intravenous tail vein injection (n = 2). Control mice received 200 puL PBS only (n
= 2). SPF mice (n = 16, 8 females and 8 males) were pre-treated for four days with either PBS
(n = 8) or a cocktail of broad-spectrum antibiotics (VMNA, 0.5 mg/mL vancomycin, 1 mg/mL
metronidazole and 1 mg/mL neomycin delivered in 200 pL sterile water by daily oral gavage,
and 1 mg/mL ampicillin delivered via drinking water, available ad libitum) (n = 8). Following a
24-hour washout period, 5 x 10° C. albicans cells in PBS were administered by oral gavage in

a volume of 200 uL. Mice were then maintained in individually ventilated cages until sacrifice.

2.3. Sample collection

2.3.1. NHPs

A redacted copy of the original study plan is available in Appendix 1. Autopsy of all NHPs and
NHP sample collections were carried out by UKHSA-based technical staff. Animals were initially
sedated with ketamine hydrochloride (Ketaset, Fort Dodge Animal Health Ltd., UK) at a dose
of 10 mg/kg and exsanguinated. Animals were then euthanised by intracardial injection with
sodium pentobarbital (140 mg/kg, Vetquinol UK Ltd., UK). Samples were collected immediately
after confirmation of death, as described in the following sections. All procedures were

conducted under the authority and in compliance with a UK Homes Office License.

2.3.2. Plasma sample collection

During exsanguination, blood from each NHP was collected into a blood collection tube
containing Tripotassium ethylene diamine tetraacetic acid (K3EDTA) (BD Vacutainer, BD,
USA). Samples were subsequently placed in a centrifuge operated at 1000-2000 x g for 10
minutes. The resulting plasma supernatant was drawn off and aliquoted into clean Eppendorf

tubes, before being snap frozen on dry ice and subsequently stored at -70°C.

48



2.3.3. Brain tissue collection

Upon autopsy, the brain of each animal was removed and flushed through with cold protease
inhibitor buffer (4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF) 2 mM,
Aprotinin 3 uM, Bestatin 130 uM, Ethylene diamine tetra-acetic acid (EDTA) 1.0 mM, E-64
14uM, Leupeptin 1 yM, Sodium Fluoride 2 mM, Sodium Pyrophosphate 10 mM. All prepared
in PBS and stored between 0-4°C and held in an ice bath before use), then cold 10% neutral
buffered formalin (NBF). The two hemispheres of the brain were separated and placed into
10% NBF (Surgipath® Prefilled Specimen Jars, Leica) for 5 days, before being placed in 70%

v/v ethanol in water and stored at 4°C until further processing.

2.3.4. Intestinal tissue collection

Two sets of intestinal tissue samples were collected from the duodenum, ileum, jejunum,
proximal colon, and distal colon. One set of samples was snap frozen and subsequently stored
at -70°C until further processing. The second set of samples were fixed by immersion in 10%
NBF for 24 hours before being placed in 70% v/v ethanol in water and stored at 4°C until further

processing.

2.3.5. Luminal content and faecal sample collection

Luminal content samples from macaques were collected from the duodenum, jejunum, ileum,
caecum, proximal colon, and distal colon upon autopsy. Faecal samples were collected from
freshly dropped faeces and were either immediately snap frozen upon collection or collected
using OMNIgene-GUT collection tubes (DNA Genotek Inc.) at room temperature. All samples

were later stored at -70°C.

2.3.6. Mice

Sample collection from mice was carried out by Dr Aimée Parker. Brains and caecal content
were harvested from GF and SPF mice administered with C. albicans at day 5 post-inoculation
and used for downstream analysis. A separate group of 3 and 24-month SPF mice (n =
10/group) were temporarily singly housed and faecal pellets collected from their cages using
sterile picks and sterile RNA-DNA-free microtubes. Caecal content was transported at 4 °C and
used fresh for plating for fungal colonies. Faecal pellets were frozen on dry ice at point of
collection and stored at -80°C until use. Tissues were collected into 4% paraformaldehyde
(PFA) and fixed overnight. | then formalin-fixed and paraffin embedded the tissues. Blocks were

stored at 4°C until sectioning.

2.4. Yeast strains and growth conditions
Yeast cell culture was carried out by Dr Steve James. Yeast strains were provided by the

National Collection of Yeast Cultures (NCYC) (Norwich, United Kingdom). C. albicans strain
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(NCYC 3115) is a human clinical isolate from patient faeces collected in a United Kingdom
hospital. Arxiozyma pintolopesii (formerly Kazachstania pintolopesii) strain (NCYC 4417) was
originally isolated from a faecal sample obtained from an aged cynomolgus macaque by Dr
Steve James. For inoculum preparation, stocks were cultured in yeast malt (YM) liquid medium
(10g/L glucose, 3g/L malt extract, 5g/L peptone, 3g/L yeast extract) at 30°C or 37°C for 48h
with shaking (200 rpm) or 72h statically. Cells were collected by low-speed centrifugation (3,000
rom, 5 min), washed twice in sterile PBS and re-suspended in PBS at ambient room

temperature prior to delivery to mice.

2.4.1. Assessment of CFUs

Fungal colonisation of mice administered with C. albicans was assessed by measuring colony
forming units (CFUs) of C. albicans in the caecum of each mouse. 50mg caecal content was
mechanically homogenised in PBS to 100 mg/mL, serially diluted, and plated onto YM agar
plates. All agar plates were incubated anaerobically at 37°C for 48 hours. Colony counts were
assessed, and morphology determined by visual inspection. Colonies of differing morphology
(morphotypes) were selected for additional phenotyping. YM broth cultures derived from two
morphotypes (white and domed vs. darker and flattened) were incubated statically at 37°C for
72 hours. The presence/absence of hyphal and pseudohyphal morphology was assessed by
standard light microscopy. Confirmation of species identity was carried out by standard colony
PCR using C. albicans specific primers, and by ITS1 sequencing using the primers in Table
2.1.

Table 2. 1. Primer sequences used for confirmation of C. albicans identity

Amplicon
Primer Sequence Use . Reference
Size (bp)
SACALF  TTTATCAACTTGTCACACCAGA C. albicans-
specific ~354 [272]

SACALR GGTCAAAGTTTGAAGATATACGT
detection

pITS1F  CTTGGTCATTTAGAGGAAGTAA  Amplification
of fungal ITS1 257 [273, 274]
region

* ITS1 amplicon size for C. albicans type strain (NCYC 597)

pITS2 GCTGCGTTCTTCATCGATGC

2.5. Human cell lines

2.5.1. Mammalian cell culture

Cell culture of human cell lines was carried out by Dr Emily Jones and Victoria White. Briefly,

the human colonic epithelial cell line Caco-2 (ECACC 86010202) and HT19-MTX-E12 (ECACC

12040401) were cultured in Eagle’s Minimal Essential Medium (EMEM) with 1% non-essential
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amino acids (M5650; Merck) supplemented with 2 mM L-glutamine (G7513; Merck), 10% fetal
bovine serum (FBS; F9665, Merck) and penicillin-streptomycin (P4333; Merck) at passage 21
and 64 respectively. During passage, each cell line was split sub-confluently (70-80%) 1:2 to

1:8 using 0.05% trypsin.

2.5.2. Yeast Transwell system assay

The following yeast transmigration assay was conceptualised by Dr Steve James and | and
carried out by Dr Emily Jones and Victoria White. Caco-2/HT29-MTX-E12 cells were cultured
at a 9:1 ratio on the apical compartment of 0.4 ym transparent polyethylene terephthalate (PET)
membrane inserts in a 24-well plate Transwell system (Greiner, Austria) for 14 days or until a
confluent, polarised monolayer was formed. This was confirmed by performing a TEER
measurement, described below, every 2-3 days until a reading of >3000 Q/cm? was reached.
To quantify the number of yeast cells required for inoculation, the optical density (OD) was
measured at 600 nanometres (nm) (ODsoo) on a spectrophotometer (BMG Spectrostar Nano).
Cells were diluted to a final OD of approximately 1.0 in PBS. Using the Transwell system,
confluent Caco-2 monolayers were treated with 30 pL culture containing 5.0 x 10* K.
pintolopesii, 5.0 x 10* C. albicans, or 5.0 x 10* A. pintolopesii and 5.0 x 10* C. albicans cells in

a total of 300 L cell culture medium.

2.5.2.1. TEER measurements

TEER measurements were recorded using an EVOM? epithelial voltmeter with chopstick
electrode (World Precision Instruments Inc., USA) by Dr Emily Jones and Victoria White.
Measurements were taken every 3-4 days while Caco-2 cells were reaching confluence as well
as prior to administration of DSS, yeast cultures, and following completion of the assay.
Resistance was calculated by the following equation, where R = resistance, TR = total

resistance, and Membrane Area = 0.336cm?:
R (Qcm?) = TR (Q) — Blank Resistance (£2) x Membrane Area (cm?)

2.5.2.2. FITC-dextran translocation

After inoculation with yeast cultures, the apical compartment of a separate plate was treated
with 1 mg/mL 3-5 kDa fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich, USA) in the
cell culture medium for 24 hours. Translocation of fluorescent FITC—dextran into the basal
media compartment was recorded using a FLUOStar OPTIMA (BMG Labtech, Germany) at
excitation 485 and 520 nm emission. Treatment of Caco-2 monolayers with FITC-Dextran and

spectrophotometry was carried out by Dr Emily Jones and Victoria White.
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2.5.2.3. DSS assay

Using the Transwell system described above, the apical compartment of a separate plate was
treated with 2% w/v 40 kDa dextran sulphate sodium (DSS) in cell culture medium at 37°C
and 5% CO, for 24 hours. As described below, media was collected from the apical and basal
compartments of the Transwell systems, inoculated into YM liquid medium and incubated at
30°C.

2.5.2.4. Yeast growth measurement

100 pL of the apical and basal media obtained from the Transwells was added to 900 pL of
YM media in a clear 48-well plate and incubated at 37°C for 72 hours. Yeast growth was

assessed by measuring the ODsoo (BMG Spectrostar Nano).

2.6. Sample preparation for histology and IHC
2.6.1. NHP brain tissue

Dr Francisco Javier Salguero Bodes, a veterinary pathologist at UKHSA, carried out the
following transection of the NBF-fixed brain tissue samples. One hemisphere of each NHP brain
was transected using a semi-horizontal plane parallel to the long axis of the SN pars reticulata
to provide an area the SN, as well as portions of the midbrain, cerebellum, hippocampus,
choroid plexus and blocked at the level of the PONS [275]. Brains were formalin-fixed and
paraffin-embedded, before being sectioned at 5um using a microtome by Alison Bird and
Chelsea Kennard, members of the Pathology Department at UKHSA. One section per
individual was taken for haemosiderin and eosin (H&E) staining. | prepared at least 6 further
sequential 5um sections for further staining methodologies from young and aged individuals.
Every second section and a total of 3 sections were selected for Perl’s Prussian Blue staining,

while the remaining sections were stained using IHC methods.

2.6.2. Mouse brain tissue

| formalin-fixed, paraffin-embedded, and sectioned at 5 um GF and SPF mouse brains. Starting
at the midline of the left hemisphere, five sections were taken from each brain sample of C.
albicans-colonised GF mice (n = 5 mice), non-colonised control GF mice (n = 3 mice) and from
C. albicans-colonised SPF mice receiving either antibiotic or PBS only pre-treatment (n = 8
mice/group). | and Dr Aimée Parker prepared sagittal vibratome sections of 100 um thickness
from PFA-fixed whole brains embedded in low-melt agarose, a method adapted from Snippert
et al. (2011) [276]. The sections were cleared post-staining and prior to mounting using

RapiClear (CamBioscience, UK).
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2.6.3. NHP intestinal tissue
NHP NBF-fixed intestinal tissue samples were formalin-fixed and paraffin-embedded. Alison
Bird and Chelsea Kennard sectioned the samples at 5um, taking one section per spatial region

as necessary for each staining protocol described in Section 2.7.

2.7. Histological staining

2.7.1. H&E

H&E staining of both brain and intestinal NHP tissue sections was carried out by Alison Bird
and Chelsea Kennard. Briefly, the sections were deparaffinised, rehydrated using an alcohol
gradient, and rinsed in distilled water, before staining using Hematoxylin solution. Samples
were thoroughly rinsed in distilled water before counterstaining with Eosin Solution, dehydration

using an alcohol gradient, and mounting.

2.7.2. Perl’s Prussian blue

Perl’s Prussian Blue staining methodology was carried out using an Iron Stain Kit (ab150674;
Abcam, UK). Slides were stained according to manufacturer’s guidelines. Briefly, sections were
deparaffinised, rehydrated using an alcohol gradient, and rinsed in distilled water, before being
placed in a 1:1 solution of potassium ferrocyanide and 2% hydrochloric acid solution for 3
minutes. Slides were rinsed thoroughly in distilled water before counterstaining with Nuclear
Fast Red solution for 5 minutes. Slides were again rinsed thoroughly in distilled water before
being dehydrated in 95% ethanol followed by 100% ethanol. Slides were cleared in Histo-Clear
Il (National Diagnostics, USA) before being mounted using DPX (Agar Scientific, UK).

2.7.3. PAS

Periodic-acid Schiff (PAS) staining was carried out on a further set of colonic tissue samples
by Alison Bird on one section per intestinal spatial region per animal. Briefly, sections were
deparaffinised, rehydrated using an alcohol gradient, and rinsed in distilled water, before
oxidisation in 0.5% Periodic Acid solution for 5 minutes. The sections were again rinsed in
distiled water before being placed in Schiff's reagent for 15 minutes, rinsed, then
counterstained with Mayer’s haematoxylin for 1 minute. Samples were thoroughly rinsed in

distilled water before dehydration using an alcohol gradient and mounting.

2.8. IHC
2.8.1. NHP brains

2.8.1.1. Ibat
For all antibody dilutions tris-buffered saline (TBS) with 0.05% w/v Tween® 20 detergent (TBS-

T) was used as an antibody-diluent. Iba1 was visualised in NHP brain sections using IHC
staining with a fluorescent secondary antibody. Briefly, formalin-fixed paraffin embedded brain
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sections were deparaffinised, rehydrated using an alcohol gradient, and rinsed in distilled water.
Heat induced antigen retrieval was carried out using 10 mM sodium citrate, pH 6. Sections
were rinsed in distilled water followed by TBS-T, then incubated overnight at 4°C with rat
monoclonal antibody to Iba1 (1:2000; ab283346; Abcam, UK) diluted in TBS-T with 10% goat
serum. The slides were rinsed in TBS-T before application of the secondary antibody, goat anti-
rat IgG Alexa Fluor® 568 (1:1000; ab175476; Abcam, UK), and Hoescht 33258 (1:1000) as the
nuclear stain. Slides were incubated for 1 hour at room temperature before being mounted
using Fluoroshield (Sigma-Aldrich, USA). Negative controls, where the primary antibody
solution was replaced with TBS-T with 10% goat serum only, were included in each run to

evaluate non-specific binding.

2.8.1.2. TH

Tyrosine hydroxylase (TH) was visualised in NHP brain sections using IHC staining with a 3,3'-
diaminobenzidine (DAB) chromogen. Formalin fixed paraffin sections were deparaffinised,
rehydrated using an alcohol gradient, and incubated in 1% v/v hydrogen peroxide (H20-) in
methanol to block endogenous peroxidases, before being rinsed in distilled water. Heat induced
antigen retrieval was carried out using 10 mM Sodium citrate, pH6. Sections were washed in
TBS-T before being incubated overnight at 4°C with rabbit polyclonal antibody to TH (1:100;
orb770260, BioOrbyt, UK) diluted in TBS-T with 10% goat serum. Slides were washed in TBS-
T before being incubated with HRP-conjugated goat anti-rabbit IgG (1:500; ab6721, Abcam,
UK) for 40 minutes at room temperature. Slides were again washed with TBS-T and then
incubated with DAB staining solution (DAB Peroxidase Substrate Kit, SK-4100, Vector
Laboratories, USA). Slides were counterstained with Haematoxylin Harris Acidified solution
(APC Pure, UK) for 3 minutes, rinsed in distilled water, placed in 1% v/v HCIl in 70% v/v ethanol
in water for 15 seconds, again rinsed in distilled water, and incubated in 0.1% w/v sodium
bicarbonate for 1 minute. Slides were thoroughly rinsed in distilled water before being
dehydrated using an alcohol gradient, cleared in xylene and mounted in DPX (Agar Scientific,
UK).

2.8.2. Mouse brains

| carried out the following IHC staining methodology on mouse brain sections using the same
antigen retrieval method as described above for NHP samples. C. albicans was visualised in
mouse brain sections using a rabbit polyclonal anti-C. albicans antibody (1:100 v/v; NB100-
64750, Novus Biologicals, USA). Activated microglia/macrophages were visualised using rabbit
anti-lba1 (1:100 v/v; Abcam, UK). For single staining, ab178846 was used; for co-staining,
ab150167. Secondary antibodies used were goat anti-rabbit IgG Alexa Fluor-594 (1:100 v/v;
A11012, Invitrogen, USA), Goat Anti-Rat Alexa-647 (1:500 v/v; ab150167, Abcam, UK) or
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donkey anti-rabbit IgG Alexa Fluor 488 (1:500 v/v; A21206, Invitrogen). Nuclei were stained
with Hoechst 33258 (1:1000 v/v).

2.8.3. Transwell system membranes

Staining of the Transwell system membranes was carried out by Dr Emily Jones and Victoria
White. Caco-2/HT29-MTX-E12 cells cultured on Transwell membrane inserts were fixed in 4%
(v/v) PFA (ThermoFisher Scientific), washed twice in PBS pH 7.4, and incubated in blocking
buffer (1% w/v bovine serum albumin (BSA) (Merck) and 10% goat serum (Merck) in PBS) at
20°C for 1 hour. To visualise the interactions of yeast with Caco-2/HT29-MTX-E12 cells, inserts
were incubated with a non-specific anti-yeast antibody (rabbit polyclonal anti-C. albicans
antibody; 1:200; ab53891, Abcam) diluted in blocking buffer at 4°C for 16 hours. After
incubation, cells were washed 3 times with wash buffer (PBS with 0.05% Triton-X100; Merck)
for 5 minutes on a rocking platform then incubated at 20°C for 1 hour with goat anti-rabbit IgG
AlexaFluor 647 (1:2000 v/v; A21244, Invitrogen) diluted in PBS. The secondary antibody
solution was aspirated off, and the membranes were incubated with Hoescht 33342 (1:2000
v/v; ThermoFisher) and Alexa-488 Phalloidin (1:1000 v/v; ab176753, Abcam) in PBS for 30
minutes. Cells were washed 3 times with PBS. Transwell membranes were mounted using
Fluoromount-G mounting medium (SouthernBiotech) and high precision coverslips (IBIDI).
Membranes were imaged using a Zeiss LSM880 confocal microscope equipped with 63x/1.4
oil DIC objective and Zen black software (Zeiss) by Dr Emily Jones. Fluorescence was recorded
at 405 nm (blue), 488 nm (green) and 647 nm (far-red). Images were analysed using
ImageJ/FIJI v1.52p.

2.9. Image analysis

2.9.1. Mice

Images of IHC-stained brain tissue samples were collected and analysed using a Zeiss
LSM880 confocal microscope and ZEN 2010 software (Zeiss, Germany), and FlJl/ImageJ
v2.1.0 [277] by Dr Aimée Parker and myself. Dr Aimée Parker carried out manual quantification
of C. albicans cells within 100 um sagittal vibratome sections of the brain. Cells were not
included in counts if they were obviously within vessels or were on the periphery of the section

and therefore considered to not be truly within the brain tissue.

2.9.2. NHPs

2.9.2.1. Crypt/villi measurements

Whole brightfield slide scans were taken of the stained slides using a NanoZoomer S360 Digital
Slide Scanner (Hamamatsu Phonics, Japan). All slide scans were initially evaluated using

NDP.view2 software (v2.9.29) (Hamamatsu Phonics, Japan). Quantitative measurements of
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villi height, mucosal tissue depth, and goblet cell area fraction was carried out using NIS
Elements BR Software (Nikon, Tokyo, Japan). Quality of the tissue samples was variable, likely
as a result of variation in the speed of post-mortem tissue sampling. Measurements were
therefore only carried out in areas of well orientated tissue, where villi and crypts did not exhibit
bending, evidence of tissue autolysis, or mechanical damage. For measurements of villi and
mucosal tissue depth, samples were only included if at least 5 or 10 measurements per section

could be taken, respectively.

2.9.2.2. Goblet cells

Whole slide scans were taken as described in section 2.9.2.1. In PAS-stained proximal colonic
tissue samples, goblet cells were colour picked and regions of interest (ROI) were drawn
around well-orientated crypts using NIS Elements BR Software. The software then determined
the ratio between the two areas, hereafter referred to as goblet cell area fraction. Goblet cell
area fraction was determined by measuring the ratio of goblet cell area to colonic crypt area.
For goblet cell analysis, images were only included if at least 5 measurements per tissue

section could be taken.

2.9.2.3. Age-associated brain pathology

Whole brightfield slide scans were taken of H&E-stained tissue sections as described in section

2.9.2.1. All slide scans were visually assessed using NDP.view2 software (v2.9.29).

2.9.2.4. Brain iron deposits

Whole brightfield slide scans were taken of Perl’s Prussian blue-stained tissue sections with an
Olympus VS200 Slide Scanner using the X20 objective. All slide scans were initially evaluated
using Olympus VS200 Desktop (v4.0). Image regions containing the SN were extracted and
cropped to a new image to enable further analysis. Images were imported into QuPath (v0.4.3).
To evaluate the number of iron deposits within the SN, four square ROIs (500 x 500 ym) were
created and manually placed within the SN. Iron deposits were manually counted using the
“Point” tool, with annotation points added to the image to mark each positive iron deposit. The
results exported to Excel (Microsoft). Four regions of interest per image, per section, per brain

were analysed. Results were visualised in R (v4.3.2) using RStudio (v2024.04.2).

2.9.2.5. |Iba1” brain cells

Whole fluorescent slide scans were taken of Iba1 stained tissue using an Olympus VS200 Slide
Scanner using the X20 objective. Fluorescence was recorded using the DAPI (blue) and Cy3
(orange) filter cubes. All slide scans were initially evaluated using Olympus VS200 Desktop
(v4.0). Regions of Cy3 channel images containing the SN and the hippocampus were extracted

and cropped to a new image to reduce image size and enable further analysis. Images were
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analysed using ImageJ/FIJI using a custom macro (see Appendix 2) to assess Iba1” cell
density. Briefly, using images of the Iba1 channel only, background pixel noise was reduced
using the “Despeckle” function. The threshold was set using the same values for all images
and images made binary. Four circular ROI of a specified size were placed to encompass as
much of the tissue section as possible within the brain region being assessed. The “Analyse
particles” function was used to count Iba1™ particles within the four regions, and the results
exported to Excel (Microsoft). Four regions of interest per image, per section, per brain were
analysed. Images were excluded from the analysis if deemed to contain staining artefacts.
Results were visualised in R (v4.3.2) using RStudio (v2024.04.2).

2.10. DNA extraction
2.10.1. Extraction of NHP luminal content/SPF mouse faecal pellets for ITS1

sequencing

Total microbial DNA was extracted from NHP luminal content by Dr Steve James and | using
the QIlAamp PowerFecal Pro DNA Kit (Qiagen, Germany), following manufacturer’s
instructions. Dr Steve James and Dr Aimée Parker carried out microbial DNA extraction from
faecal pellets collected from singly housed SPF mice. Approximately 200 mg of luminal content
(NHP) or 50 mg faecal (mouse) samples were weighed out into Lysing Matrix E tubes (MP
Biomedicals, USA) and homogenised using a FastPrep-24 benchtop tissue homogeniser (MP
Biomedicals, USA) at 6.0 m/s for 1 min as an additional preliminary step to aid fungal cell wall
disruption and improve fungal DNA recovery. Extracted DNA was quantified, and quality
checked using the Qubit 3.0 fluorometer and associated Qubit dssSDNA BR Assay Kit (Invitrogen,
USA). DNA samples were stored at =20 °C prior to library preparation and further analysis. An
empty bead-beating tube underwent the same steps as tubes containing luminal content within

the DNA extraction protocol, serving as an extraction control.

2.10.2. Extraction of NHP luminal content for WGS

Total microbial DNA was extracted from NHP luminal content by Dr Aimée Parker, Dr Steve
James, and | using the FastDNA™ Spin Kit for Soil DNA Extraction (MP Biomedicals), following
manufacturer’s instructions. Approximately 200 mg of luminal content (NHP) samples were
used for DNA extraction. Extracted DNA was quantified, and quality checked using the Qubit
3.0 fluorometer and associated Qubit dsDNA BR Assay Kit (Invitrogen, USA). DNA samples
were stored at —20 °C prior to library preparation and further analysis. An empty bead-beating
tube underwent the same steps as tubes containing luminal content within the DNA extraction

protocol, serving as an extraction control.
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2.11. ITS1 amplification, library preparation, and sequencing

2.11.1. NHPs/ Mice

ITS1 amplification by PCR from genomic DNA extracted from NHP luminal content and murine
faecal pellets was carried out by Dr Steve James. The fungal ITS1 region was amplified from
100 ng of template DNA by PCR using the ITS1F and ITS2 primer set [273, 274], with each
primer modified at the 5’ end to include an lllumina adapter tail using the following amplification
conditions: 94 °C for 5 min; 35 cycles of 92 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s; and
a final extension of 72 °C for 5 min. Amplification reactions were set up in duplicate for each
faecal DNA sample, and positive (50 ng K. telluris DNA) and negative (microbial DNA-free H,O)
controls were also included in each PCR run. The extraction control was included within the
initial PCR run.

Following ITS1 PCR, library preparation was carried out by David Baker. A 0.7x SPRI
purification using KAPA Pure Beads (Roche, Wilmington, MA, USA) was performed and the
purified DNA was eluted in 20 pL of EB buffer (10 mM Tris-HCI). In a second PCR, library index
primers were added using a Nextera XT Index Kit v2 (lllumina, UK) and amplified using the
following conditions: 95 °C for 5 min: 10 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for
30 s; and a final extension of 72 °C for 5 min. Following PCR, libraries were quantified using
the Invitrogen™ Quant-iT dsDNA high sensitivity assay kit (Thermo Fisher, USA) and run on a
FLUOstar Optima plate reader (BMG Labtech, UK). Libraries were pooled following
quantification in equal quantities. The final pool was double-SPRI size selected between 0.5x
and 0.7x bead volumes using KAPA Pure Beads (Roche), then quantified with a Qubit 3.0
fluorimeter and processed on a D5000 ScreenTape (Agilent), using the Agilent Tapestation
4200, to determine the final library pool molarity. The pool was then run at a final concentration
of 8 pM, on an lllumina MiSeq instrument using the MiSeq® v3 (2% 300 bp) Kit (lllumina, UK)
at the Quadram Institute Bioscience, Norwich. The raw data were analysed using MiSeq
reporter. For NHP sequences, a mean sequence depth of 123,710 reads/sample was achieved;
samples with fewer than 10,000 filtered sequences were excluded from further analysis.
Libraries were also prepared from the DNA extraction control and from single fungal species
DNAs (C. albicans and K. telluris) and were used as pipeline controls in the downstream

bioinformatic analyses.

2.12. Mycobiome characterisation

2.12.1. NHPs

Dr Andrea Telatin, Head of Bioinformatics at QIB, carried out the characterisation of ITS1
sequencing reads. lllumina MiSeq reads were analysed using the automated pipeline Dadaist2,

a dedicated workflow for ITS profiling [278]. The quality profile of the raw reads (in FASTQ
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format) was assessed using SeqFu 1.9.3 [279], followed by primer removal using Cutadapt 3.5
[280] and quality filtering via Fastp 0.20.0 [281]. Locus-specific primers and conserved flanking
regions were removed using ITSxpress [282]. The identification of representative sequences
was performed using DADAZ2 [283], to produce a set of amplicon sequence variants (ASVs),
and their taxonomic assignment was determined using the UNITE Fungal ITS database
(release 8.3) [284]. The multiple alignment of the representative sequences was performed
using ClustalO [285] and the guide tree was produced using FastTree [286]. Data normalisation

and diversity were produced using the Rhea scripts [287].

Dr Steve James carried out further investigation of several of the ITS1 sequences using the
National Center for Biotechnology Information (NCBI) Basic Local Alignment Search Tool
(BLAST).

2.12.1.2. Data availability, analysis, and visualisation

| carried out data analysis and visualisation in R (v4.3.2) using RStudio (v2024.04.2) [288].
Custom scripts are available from the Github repository https://github.com/Cat-
Elin/0924_Thesis_RScripts (September 2024).

The raw lllumina ITS1 sequence data produced by the present study have been deposited at
the European Nucleotide Archive (EBI), under the Project accession number PRJEB54860.
Metadata and supporting scripts are available from the GitHub repository

https://github.com/quadram-institute-bioscience/nhp-gut (22™ July 2022).

2.12.2. Mice

lllumina MiSeq reads derived from mouse samples were analysed as above, except that locus
specific primer removal was carried out using SeqFu (v1.8) [279]. The output feature table,
taxonomic classification, phylogeny and metadata files were exported and further analysed
using MicrobiomeAnalyst [289] and the built-in plotting provided by Dadaist2 by Dr Andrea
Telatin and Dr Steve James. Every ASV with a zero count in all samples was removed to assess

alpha diversity measures.

2.13. WGS library preparation and sequencing

2.13.1. NHPs

Library preparation was carried out by David Baker, Rhiannon Evans, and Cara-Jane Moss.
Genomic DNA was quantified using the Qubit dsDNA BR Assay Kit and Qubit 3.0 fluorimeter
(Invitrogen) and normalised to 5 ng/uL. Library preparation was carried out using the lllumina
Nextera DNA Flex Library Prep Kit (lllumina). Genomic DNA was first tagmented by mixing
2.0pL of normalised DNA (10ng) with 0.5 pL Tagmentation Buffer 1 (TB1), 0.5 yL bead-linked
transposomes (BLT) and 4.0 uL PCR-grade water per sample in a chilled 96-well plate.
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Samples were heated to 55 °C for 15 minutes. The Kap2G Robust PCR kit (Merck) was
combined with P7 and P5 Nextera XT Index Kit v2 index primers (lllumina), along with
tagmentation mix, and amplified through PCR with the following cycling parameters: 72°C for 3
minutes, 95 °C for 1 minute, 14 cycles of 95 °C for 10 s, 55 °C for 20 s and 72 °C for 3 minutes.
Libraries were quantified using the Quant—iT dsDNA Assay high-sensitivity kit (Invitrogen), and
the readings were taken by a GloMax® Explorer Multimode Microplate Reader (Promega).
Following quantification, the libraries were pooled in equal quantities. The final pool was
double-SPRI size selected between 0.5x and 0.7x bead volumes using KAPA Pure Beads
(Roche), then quantified with a Qubit 3.0 fluorimeter and processed on a D5000 ScreenTape
(Agilent), using the Agilent Tapestation 4200, to determine the final library pool molarity. PBS
controls (which were processed using the same DNA extraction method as all samples) were
included within the library preparation procedure. These samples failed due to low input of
genomic material, suggesting no or minimal DNA contamination. lllumina sequencing was

carried out on the libraries using the NovaSeq 6000 or NovaSeq X system by SourceBio (UK).

2.14. Prokaryome characterisation

2.14.1. Taxonomic and functional profiling

Raw sequence reads were trimmed to a quality of phred 30, and adapters were removed using
Fastp (v0.23.1) [290]. Host reads were determined and removed by mapping reads to the
cynomolgus macaque genome (Macaca fascicularis MFA1912RKSv2, reference genome as of
March 2023) using BBmap from BBTools (v38.79) (sourceforge.net/projects/bbmap).
Calculation of raw sequence reads before and after removal of contaminating reads was carried
out using SeqFu (v1.17.0) [279].

Taxonomic profiling was performed on the filtered reads using MetaPhlAn (v4.1), including
estimation of the unknown fraction (parameter: — —unclassified_estimation) with the
database mpa_vJun23_CHOCOPhIANSGB_202307 [291]. Functional read profiling was
performed using HUMANNS3 (v3.9) with DIAMOND (v2.1.9) and MetaPhlAn (v4.1), using the
mpa_vJun23_CHOCOPHIANSGB_202307 and uniref90 (v201901b) databases [291-293].
Annotated reads were assigned to Metacyc pathways. Abundances of taxonomic and functional

annotations were normalised using copies per million (CoPM) reads before statistical analysis.

2.14.2. Genome reconstruction and clustering

Metagenome assembled genomes (MAGs) were reconstructed from trimmed and
decontaminated reads using the pipeline MetaWRAP (v1.2.1) [294]. | used a single-sample
approach for metagenomic assembly and contig binning. Raw reads were assembled using
MEGAHIT (v1.2.9) [295], and summary statistics of the assembly were generated using

QUAST [296]. Contigs were then binned using MetaWRAP’s binning module, using MetaBAT2
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(v2.15) [297], Maxbin2 (v2.2.6) [298], and Concoct (v1.1.0) [299] with default settings. The
results of the three different binning software were consolidated into one using MetaWRAP’s
bin_refinement module, with completion and contamination parameters set as 50% and 10%
respectively. Bins were dereplicated using dRep (v3.4.3), yielding 1077 medium quality MAGs
(completion > 50% and contamination < 10%), and 358 high quality MAGs (completion > 90%
and contamination < 5%), assessed using CheckM (v1.2) [300, 301].

After metagenomic assembly and binning, MAGs were clustered at 5% genetic distance using
dRep (v3.4.3) [300]. Overall, 534 species-level genome bins (SGBs) were obtained, and
taxonomy assigned to each using the Genome Taxonomy Database Tool Kit (GTDB-Tk)
(v2.4.0) and GTDB release 220 [302-305]. 108 SGBs were undefined at species level,
representing putative novel taxa. The abundance of each SGB was quantified using

MetaWRAP’s quant_bin module. Abundance was normalised to copies per million (CPM).

2.14.3. Data availability, analysis, and visualisation

| carried out data analysis and visualisation in R (v4.3.2) using RStudio (v2024.04.2) [288].
Custom scripts are available from the Github repository https://github.com/Cat-
Elin/0924_Thesis_RScripts (September 2024).

The raw lllumina ITS1 sequence data produced by the present study have been deposited at
the NCBI Sequence Read Archive (SRA), under the Project accession number PRINA1164203
(30™ September 2024).

2.15. Alpha and beta diversity analyses

Species relative abundances were obtained from MetaPhlAn (v4.1) and DADA2, imported into
R, and manipulated using the phyloseq package (v1.48.0) [288]. Three measures of alpha
diversity were calculated (Chao1, Shannon’s index, and Inverse Simpson’s index) using the
alpha function from the microbiome package (v1.24.0) [306]. Statistical comparisons of alpha
diversity values were carried out to assess differences between intestinal regions with a linear
mixed effects model (Ime) using the nime package (v3.1.163) in R [307]. The model

specification was as follows:
Ime(diversity ~ type, random = ~1|ID, data = data, method = “REML”)

“ID” refers to each animals’ unique identification code. Random effects (~1|ID) were included
to account for intra-subject correlations in diversity measurements obtained from intestinal
regions within the same animal. The intestinal region (“type”) was included as a fixed effect to
assess the relationship between the intestinal region and alpha diversity. The model is fit by
maximising the restricted log-likelihood (method = “REML”). The Benjamini-Hochberg (BH)

procedure was applied to the raw p-values to control for multiple comparisons and adjust for
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the false discovery rate (FDR). Statistical comparisons were then carried out between age
groups. Kruskall-Wallis test was used for comparisons between three age groups and the
unpaired two-samples Wilcoxon test for comparisons between two age groups. Multiple
pairwise comparisons were performed using Wilcoxon rank sum test with BH corrections for

multiple comparisons where necessary.

To assess beta diversity, a non-metric multidimensional scaling (NMDS) ordination based on
Bray-Curtis dissimilarities was performed using the phyloseq package. Statistical differences
between age groups and intestinal regions were assessed by performing a permutational
multivariate analysis of variance (PERMANOVA) with 999 permutations using the function
Adonis2 from the R package Vegan (v2.6.6.1) [308]. Multiple pairwise comparisons were
performed using the function pairwise.adonis2 from the package pairwiseAdonis (v0.4.1) [309]
with BH corrections for multiple comparisons where necessary. Permutations were constrained
within samples obtained from the same animal to account for intra-subject correlations in

diversity measurements.

2.16. Differential abundance analyses

To assess associations between the relative abundance of taxa/ Metacyc pathways with
increasing age, the prokaryotic taxonomic and functional read profiles obtained from each
intestinal region were analysed individually using MaAsLin2 [310]. Continuous age was defined
as a fixed effect. The following parameters were used in each analysis: min_prevalence =
0.4, max_significance = 0.2, normalisation = "NONE", transform = "none",

analysis_method = "LM", correction = "BH".

2.17. Plasma marker assays
Due to the opportunistic approach to NHP sample acquisition, varying numbers of samples
were available for analysis throughout the period of data collection, which is reflected in the

varying number of samples utilised in each plasma-based assay.

2.17.1. Chromogenic endotoxin quant kit

The concentration of bacteria; endotoxin, or lipopolysaccharide (LPS), in a cohort of
cynomolgus macaques was determined in blood plasma samples using a PierceTM
Chromogenic Endotoxin Quant Kit (Thermo Scientific; A39552/S), which utilises limulus

amebocyte lysate (LAL) to detect bacterial endotoxins, following manufacturer’s instructions.

2.17.2. ELISA

In cynomolgus macaques, the concentration of CRP, LBP, and I-FABP were determined in
blood plasma samples using Monkey CRP ELISA Kit (Abcam; ab260062), a Monkey LBP Elisa
Kit (Novus Biologicals; NBP2-75369), and a Monkey fatty acid binding protein 2/ |I-FABP
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(FABP2/I-FABP) ELISA Kit (Novus Biologicals; NBP2-82219) respectively, following

manufacturer’s instructions.

2.18. Statistical analysis

Unless otherwise specified, all statistical analysis was carried out in R (v4.3.2) using RStudio
(v2024.04.2). Where appropriate, a value of p < 0.05 was considered statistically significant.
Statistical analysis of microbial diversity was performed as described above in section 2.15.,
“‘Alpha and beta diversity analysis”. Statistical analysis of taxa and pathway differential
abundance was performed as described above in section 2.16., “Differential abundance

analyses”.

The correlation between age and the results of all plasma biomarker assays, intestinal crypt/villi
measurements, and goblet cell area fraction was tested using the Pearson Correlation
Coefficient. Where appropriate, outliers were determined using Dixon’s Q test or Generalised
Extreme Studentised Deviate Many-Outlier Test, using the outliers (v.0.15) and PMCMRplus
packages in R, respectively [311, 312].

For all Transwell assays, statistical analysis was carried out in GraphPad Prism 5 software
(version 5.04) by Victoria White and Dr Emily Jones. All data was presented as mean + standard
error of the mean (SEM). For TEER and FITC-Dextran assays, p-values were calculated using
one-way analysis of variance (ANOVA) with Dunnett's multiple comparisons to determine

statistical differences between groups.

Statistical analysis of NHP brain Iba1* cell counts and iron counts were carried out with a linear
mixed-effects model, using the Ime4 (v1.1.35.5) package in R [313]. The model specification

was as follows:
Imer(Count ~ AgeGroup + (1|ID), data = data)

“ID” refers to each animals’ unique identification code. Random effects (1|ID) were included to
account for intra-subject correlations for repeated measurements per ROI per section per
animal. Age group was included as a fixed effect to assess the relationship between the number

of Iba1™ cells/ iron deposits and age.
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3.0. Chapter 3: Intestinal ageing and inflammageing

3.1. Introduction

Intestinal motility deteriorates with age, coinciding with age-related changes to the intestinal
microbiota, the immune system, and the enteric nervous system [314-316]. These age-related
changes may contribute to age-associated increases in intestinal inflammation and

permeability, as well as systemic inflammation [140, 317, 318].

Histological studies have linked intestinal inflammation with altered intestinal morphology, such
as a reduction in goblet cells, goblet cell mucin production, and villus and crypt distortion [319,
320]. Similar changes have also been observed in studies of ageing, although the results are
often conflicting. In mice, ageing has been associated with longer villus length, a reduction in
the numbers of crypts and villi, and thickening of the muscular layer [321-323]. Morphological
changes to the small intestine have also been observed in multiple senescence accelerated
mouse strains, although the specific alterations differed depending on the strain of mice [324].
In rats, ageing has been associated with villus blunting in the jejunum and ileum, and an
increased number of goblet cells in the jejunum [158, 325]. Another study of rats found no age-
associated change in duodenal or jejunal villus height, but found a reduction in ileal villus height
in aged rats. Conversely, a significant age-associated increase in crypt depth was found in the
duodenum and jejunum, but not ileum [326]. In humans, few studies have investigated intestinal
morphology and those which exist contain small sample numbers. Two studies reported no
significant morphological changes associated with age in the small intestine, while another

reported that ageing is associated with blunted villi in the jejunum [327-329].

The physical separation of the microbiota from the intestinal epithelium by the mucus layers
represents an important mechanism of host defence against microbiota-resident pathobionts
[330]. Studies of goblet cells or the mucus layer is limited in humans, likely owing to the difficulty
of obtaining samples, but one study of biopsy samples suggests that no significant thinning of
the duodenal mucus layer is found to occur with age [331]. In mice the number of viable goblet
cells and the thickness of the mucus layer significantly reduced with age in the colon. These
changes were correlated with age-associated alterations to the faecal microbiota and a decline
in expression of genes related to mucus biosynthesis, as well as increased bacterial penetration
of the aged mucus layer [321, 332]. Ageing was also associated with a decline in genes
encoding immune function, including those needed for T cell marker, chemokine, and
immunoglobulin expression [321]. A reduction in goblet cells numbers has also been found in
the ageing mouse ileum, suggesting a reduction in the mucus layer [321]. Together these

findings suggest an age-related decline in gut barrier function, which may result in an increased
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or dysregulated immune response to the intestinal microbiota and contribute to systemic

inflammageing.

It is often hypothesised that an outcome of intestinal senescence is an increase in intestinal
permeability. Supporting evidence comes from studies of mice, rats, and NHPs, and has been
linked to faecal microbial dysbiosis [34, 140, 158-160, 333]. lleal biopsies from healthy subjects
ranging in age from 7-77 years also showed an age association with increased intestinal
permeability to solutes, but not macromolecular particles, despite no apparent change in tight
junction protein expression [162]. In contrast, sugar excretion tests have provided little
evidence of increased intestinal permeability in elderly, healthy humans, although permeability
has been found to be increased in elderly patients with IBS and non-insulin dependent type 2
diabetes [163-166].

Cynomolgus macaques, due to their genetic and intestinal anatomical and physiological
similarities to humans present a promising model for characterising changes in morphology
and barrier function in the ageing intestine [334]. An investigation of the impact of age on their
intestinal tissue morphology and barrier function has, to my knowledge, not been attempted
previously. In this chapter, | aim to address the hypothesis that ageing is associated with altered
tissue morphology and goblet cell number in a cohort of healthy, cynomolgus macaques of
differing ages. The correlation between age and concentration of multiple blood-based
biomarkers relating to intestinal barrier function is also evaluated. To my knowledge, this study
represents the first phenotypic characterisation of the ageing intestine in healthy cynomolgus

macaques.
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3.2. Results

To investigate the effect of age on intestinal tissue architecture, intestinal barrier permeability,
and systemic inflammation in cynomolgus macaques, samples were collected from a subset of
the cohort of cynomolgus macaques described in Section 2.1.1. All cynomolgus macaques
were aged between 4-20 years and were defined as young (4-7 years), adult (8-12 years), or
aged (13-20 years). All cynomolgus macaques included within the analysis in this chapter were
healthy. As a result of the ad hoc nature of sample collection for this study, the number of
animals included in each of the analyses described in this chapter ranged from 9-18 animals.
The number of animals included from each age group also differed in each set of analysis.
Animals from each age group are therefore represented using different colours in each plot to

indicate the number of animals per group.

3.2.1. Age-associated changes to intestinal tissue architecture

First, the impact of age on mucosal tissue architecture was investigated in the intestinal tract
of a cohort of cynomolgus macaques of differing ages. A classical method of determining
morphological changes to the intestine is measurement of villi height and crypt depth. In this
study, mucosal tissue depth is taken as a proxy for crypt depth in the large intestine. Villi height
was measured in H&E-stained intestinal tissue sections taken from jejunal and ileal tissue
samples, with a significant positive association between villi height and age observed in the
ileum (p=0.009) (Figure 3.1C and 3.1D). No significant relationship was observed between
mucosal tissue depth in the distal colon (Figure 3.1F). However, in the proximal colon, intestinal

tissue depth was positively associated with age (p = 0.017) (Figure 3.1E)

Goblet cells are specialised intestinal epithelial cells which produce mucins that form the mucus
layer, helping to spatially separating the intestinal microbiota from boundary epithelial cells.
Here, changes in goblet cell number with age in the proximal colon were investigated by
determining the goblet cell area fraction per colonic crypt, defined as the area of goblet cells in
each colonic crypt divided by the area of the crypt itself. No significant change in the goblet cell

area fraction of colonic crypts was observed to occur with age (Figure 3.2).
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Figure 3.1. The effect of age on villi length and mucosal tissue depth in a cohort of cynomolgus
macaques. Representative images of H&E-stained tissue sections from (A) small intestinal and
(B) colonic tissue samples are shown. Small intestinal villi length and colonic mucosal tissue depth
were measured in H&E-stained sections (minimum of 5 measurements per section/ 1 section per
cynomolgus macaque in the small intestine; minimum of 10 measurements per section/ 1 section
per cynomolgus macaque in the large intestine) in samples obtained from captive, healthy
cynomolgus macaques aged between 4-20 years. Villi measurements were obtained in the (C)
jejunum and (D) ileum. Mucosal tissue depth measurement were obtained in (E) the proximal
colon and (F) the distal colon. Statistical comparisons were carried out with Pearsons Correlation
Coefficient (p < 0.05). Image analysis was carried out using NIS Elements BR software. Scale
bars = 500 um.
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Figure 3.2. The effect of age on goblet cells located in colonic tissue crypts in a cohort of
cynomolgus macaques. (A) A representative image of a colonic Periodic acid-Schiff (PAS)-
stained tissue section is shown. Goblet cells are indicated by PAS staining. (B) Ratio of goblet
cells to colonic crypt area shown for young, adult, and aged animals. Goblet cell area fraction
determined by measuring ratio of goblet cell area to colonic crypt area in samples obtained from
captive, healthy cynomolgus macaques aged between 4-20 years. The statistical association
between goblet cell area/ crypt ratio and age was carried out with Pearson Correlation Coefficient
(p < 0.05). Image analysis was carried out using NIS Elements BR software. Scale bar = 250uM.
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3.2.2. Correlation between age and biomarkers of intestinal permeability and
systemic inflammation

In clinical settings, the concentration of the acute phase protein CRP in the blood is a biomarker
for systemic inflammation, with increased levels also associated with advancing age in humans
[335-338]. In this study population of cynomolgus macaques no significant association between

plasma CRP concentration and advancing age was observed (Figure 3.3A).

LBP, an acute phase protein produced primarily by hepatocytes, binds to and mediates the
innate immune response to LPS in the bloodstream [339]. It is also considered to be a
biomarker for intestinal permeability, as it binds LPS which may in part derive from translocation
from the intestine [340]. In the present study, a positive association was observed between
advancing age and LBP concentration in the blood (p = 0.042) (Figure 3.3C). Conversely, no
significant association was observed between age and LPS concentration in the blood (Figure
3.3B).

Finally, I-FABP, a biomarker of intestinal barrier dysfunction, was measured. |I-FABP is an
intracellular protein expressed in intestinal epithelial cells that is released into the circulation as
a result of damage to the intestinal mucosa. In the present cohort, plasma levels of |I-FABP

were not significantly associated with age (Figure 3.3D).
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Figure 3.3. The effect of age on blood (A) C-reactive protein (CRP), (B) lipopolysaccharide (LPS),
(C) plasma lipopolysaccharide binding protein (LBP) and (D) intestinal fatty acid binding protein
(FABP2/I-FABP) concentration in a study population of captive, healthy cynomolgus macaques
aged between 4-20 years. Statistical comparisons were carried out with Pearsons Correlation

Coefficient (p < 0.05).

70




3.3. Discussion

An overview of the findings of the present study and previous human and animal studies of the
effect of age on intestinal morphology and goblet cell density discussed in this chapter can be
seen in Table 3.1. In this cohort of cynomolgus macaques, age was positively associated with
a significant increase in mucosal tissue depth in the proximal colon. No previous studies
measuring the changes in mucosal tissue depth, or crypt depth, with age in the colon exist in
humans or NHPs. However, in mice colonic crypt depth, and thus mucosal tissue depth, has
been described as increasing in line with severity of chronic inflammation in colonic tissues
[319]. Therefore, these findings may indicate an ongoing low-grade inflammatory response in

the proximal colon, resulting in an age-associated elongation of colonic crypts in this region.

Chronic inflammation is also associated with goblet cell loss in mice [319]. Goblet cell loss and
decreased mucus layer thickness has been observed in the colon of ageing mice, however, no
indication of goblet cell loss in the proximal colon was observed with age in the present cohort
of cynomolgus macaques, despite the observed increase in mucosal tissue depth in this region
[321, 332]. Overall, these findings indicate that there might be an increase in inflammatory
status in the proximal colon based on tissue morphology, but it is not severe enough to impact
goblet cell numbers. Further investigation of inflammatory cell infiltrates and, if samples allow,
the mucus layer may be helpful in future studies to confirm age-related changes in inflammatory

status in the intestine.

In the small intestine, a significant positive association was seen between age and ileal villus
height in the cynomolgus macaque intestinal tract. Contrary to previous reports of villus blunting
with age in rats and humans, which is often linked to chronic inflammation, our findings more
closely align with a study in mice showing that ageing is associated with longer villi in the ileum
[321, 325, 329]. A separate study also found a positive relationship between villus height and
food intake in the jejunum of mice, with villus height being longest in mice fed a high-fat diet
[341]. The authors note that this may be due to fructose content of the high-fat diet. Fructose
consumption has separately been linked to improved survival of intestinal cells and increased
villus height in mice [342]. This altered morphology expands small intestinal surface area,
increasing nutrient absorption, and exacerbated weight gain in mice fed a high-fat diet. In the
present study, the cynomolgus macaques’ diet included daily fortification with fruits and
vegetables. As the macaques are also housed in social groups, where hierarchical structures
often influence distribution of resources, social hierarchy might result in older, higher-ranking
macaques accessing more ‘high value’ food items, such as fruit, resulting in an increased
fructose intake and accounting for the observed increase in villus height with age [343]. Study

of dietary behaviour and intake in cohorts of cynomolgus macaques, as well as the impact of
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increased fructose consumption on intestinal morphology in non-human primates would be

required to confirm this hypothesis.

Table 3. 1. Studies investigating the effect of age on intestinal tissue morphology and goblet

cell density

Observation
Species Colonic
Age range , . : Goblet cell
Study (Cohort g g Villus height ~ mucosal tissue :
. (Sex) density
Size) or crypt depth
imal
Present Cynomolgus 4-20 ©* jejunum, T ! proxima
macaques (9 . colon, «» distal <
study years (MF) ileum
-18) colon
Hassan et 6—24 -
al. [325] Rats (30)  onths (M) ¥ jejunum - -
Ren et al. 3-24 .
58] Rats (24) months (M) {ileum - -
Holt, Rats (24 — 4-27 <> duodenum,
Pascal, and 28) months (M)  jej il i )
Kotler [326] Jejunum, 1 teum
Sovran et 10 weeks —
Mice (10) 19 months T ileum VAN { ileum, colon
al. [321]
(M)
Martin, <> proximal
Kirkwood, . 7-32 small intestine,
and Potten Mice (38) months (M) T distal small i i
[322] intestine
W‘:?;ter 13-90
. Humans (16)  years (not J jejunum - -
Leeming reported)
[329]
Lipski,
Bennett, 46 — 89
and James Humans (47) years (MF) > duodenum
[327]
15-82
Corazza et .
Humans (38)  years (not <> jejunum - -
al. [328]
reported)

M, male; F, female; MF; mixed-sex group
* <> indicates no change
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To my knowledge, no observational studies of the impact of age on intestinal barrier
permeability in cynomolgus macaques have previously been carried out. In this study, the
integrity of the intestinal barrier, as well as systemic inflammation, was assessed using blood-
based biomarkers (for an overview of the findings of the present study and previous human
and animal studies discussed in this chapter, see Table 3.2). Specifically, the associations
between age and blood concentration of LPS, LBP, CRP, and I-FABP were tested. However,
LBP was the only biomarker whose concentration was observed to significantly increase with
age. This is in agreement with previous findings in rhesus macaques and humans, where a
positive association between blood LBP concentration and age was observed [159, 344, 345].
In humans, LBP levels have been correlated with factors such as obesity, glucose metabolism,
liver function, thyroid function, and iron metabolism, among others, suggesting that heightened

LBP levels might be a common factor in the development of multiple diseases [344].

Although no other significant associations between age and blood-based biomarkers were
observed in the present study, a significant increase in serum CRP concentration with age has
previously been observed in a cohort of captive baboons [346]. In humans, CRP has similarly
been associated with increasing age, but has also been associated with increased frailty
independent of age, thus decoupling chronological age from clinical metrics of inflammation
[335-338]. As all animals included in the present study were healthy, this may explain why a
significant association was not observed between CRP and age in this cohort of cynomolgus

macaques.

A significant age-associated increase in I-FABP has also been observed in rhesus macaques
[159]. I-FABP concentration was not observed to significantly increase with age in the present
study, however, the disagreement between these findings may be related to the inclusion of
animals of more extreme ages (> 25 years) in the study of rhesus macaques, a larger study

population, methodology, and/or a species-specific effect.

An age associated increase in intestinal barrier permeability, resulting in increased
translocation of bacterial LPS from the intestinal microbiome to the circulation, is postulated to
be the cause of heightened LBP levels with age [340]. Supporting this theory, higher levels of
inflammation and increased circulating LPS have previously been associated with age in mice
[347, 348]. In the present study, the lack of a significant correlation between age and plasma
LPS, despite the significant positive association between age and plasma LBP, is therefore
conflicting. This inconsistency may reflect that the sample size of the present study was
insufficient to fully discern the effect of age on the presence of these biomarkers in the
circulation. Alternatively, the inability to discern the effect of age on LPS in the blood circulation
may be related to the detection method. Under certain conditions, the LAL assay, used in the
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present study to detect LPS, is known to inaccurately detect the quantity of LPS in a sample
due to a masking effect [349]. While all samples were prepared and treated equally, it's possible
that variations in protein or lipid content in the blood plasma may have interfered with the LAL
assay, impacting the results. A third possibility is the development of an age-dependent
dysregulated immune response. The reactions of mice challenged with an acute or repeated
dose of LPS has suggested that the immune responses of older mice are more sensitive to
LPS exposure [350, 351]. It is possible that in aged macaques, production of LBP is enhanced

as a result of increased sensitivity to LPS, compared to young animals.

Table 3. 2. Studies investigating the effect of age on blood biomarkers of systemic

inflammation and intestinal permeability

Observation
Study Species Age range LPS LBP CRP I-FABP
(Cohort size) (Sex)
Cynomolgus
Present study macaques (9 4 - 20 years o T VRN VRN
(MF)
—18)
Walker et al. ma;his:ss (14 15727 years ] R ] "
[159] a (MF)
—18)
McFarlane et Baboons 2 — 26 years i 2 i i
al. [346] (120) (MF)
Fuke et al. = 20 years
(344] Humans (896) (MF) - ) - -
Gonzalez-
Quintela et al. Humans (420) 18 —($i/|2F3;ears - T - -
[345]
ool RN
al, [335] (3632) (MF)
Baumann et . 2-30
al. [347] Mice (19) months (M) T - - )
Kim et al. . 4-18
[348] Mice (16) months (M) T ) ) -

M, male; F, female; MF; mixed-sex group
* <> indicates no change
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3.3.1. Limitations

The cohort size and number of samples available was a significant limitation. In the studies of
intestinal morphology, sample size was further reduced due to tissue autolysis or mechanical
trauma of intestinal tissues, limiting the collection of informative histology. Sampling procedures
for future studies of the cynomolgus macaque intestinal tract should prioritise the quick removal
and preservation of intestinal tissue to minimise tissue autolysis. Gut sections were also not
derived from the exact same location in each animal, potentially introducing additional
variability that could obscure the effect of age on intestinal morphology in each region. Future
studies should include precise guidelines on sampling procedures to prevent this. Additionally,
the number of samples included may not have been sufficient to account for biological variation
in the morphology of the intestinal tract or biomarker expression, obscuring more subtle age-
related changes [352]. Also unaccounted for are dietary factors and the time of day that the
animals were euthanised. Both factors are linked to diurnal oscillations in the intestinal
microbiome and the immune system and might affect the concentration of circulating immune
and microbial biomarkers [353, 354]. For the analysis described here, a confirmatory study with
a larger cohort of cynomolgus macaques would help reveal which associations are significant

and improve confidence in the findings.

Due to the necessity of keeping cynomolgus macaques in social groups and providing a varied
diet, in addition to the use of foraging for food as an enrichment activity, it is not possible to fully
control their dietary intake on an individual basis. This might lead to variations in diet that are
dependent on factors such as age, social hierarchy, preference, or chance. Of particular
relevance to the present study, these variations might also lead to consumption of differing
levels of fructose, likely due to variable fruit intake, of which increased consumption has
previously been found to have an impact on intestinal morphology and nutrient absorption in
mice [342]. It would be interesting to examine whether fructose consumption in cynomolgus
macaques has the same effect on the intestine as in mice, as it would suggest whether this is
a broader phenomenon across primates and would help to disentangle the effects of diet and

age on the intestine.

Lastly, a study in ageing humans has suggested that markers of intestinal permeability and
inflammation are not increased with ageing per se but are associated more strongly with age-
related disease [163]. In this Chapter, animals with morbidities were excluded from the analysis,
but this does not exclude the possibility that animals at an early stage of disease development
were missed, contributing to any observations linked to increase in inflammation or intestinal

permeability.
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3.4. Conclusions

The findings presented here provide the first insight into the relationship between ageing and
intestinal health in cynomolgus macaques, although further research is needed to clarify the
impact of age on intestinal inflammation and permeability. Morphological examination showed
thickening of the mucosal tissue layer in the proximal colon with age, which could be indicative
of an increase in colonic inflammation. The age-associated increase in blood LBP concentration
is also suggestive of age-specific changes in inflammatory status and intestinal barrier integrity,
meriting further investigation. If cynomolgus macaques are to be used in studies of ageing and
the microbiome-gut-brain axis, establishing the baseline level of variation in these and other

measures of inflammation is both important and necessary.
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4.0. Chapter 4: The intestinal prokaryome

4.1. Introduction

Microbial products and metabolites influence host hormonal, immune, and neural signalling
networks which can facilitate bi-directional communication between the gut and the brain [1].
Studies of the human intestinal microbiota have demonstrated age-dependent changes in both
microbial taxonomy and function [15, 17, 355, 356]. These alterations have been linked to
compromised immunity, the development of neuroinflammation, and the onset of
neurodegenerative diseases [34, 39, 40, 140, 357, 358]. However, few studies have directly
linked age-associated pathophysiology to specific changes in microbial metabolism, partially
due to the difficulty in defining what constitutes a healthy microbiome [13]. It is important
therefore to characterise the intestinal microbiota in healthy ageing, both in humans and animal

models, to better understand its impact on host immunity and age-related diseases.

Cynomolgus macaques, due to their genetic and physiological similarities to humans, represent
an important animal model for the study of the intestinal microbiome and its role in the ageing
microbiota-gut-brain axis [49, 359]. Previous studies that have isolated both microbial genes
and genomes isolated from the wild cynomolgus macaque intestinal microbiome have
demonstrated that it is distinct from the human microbiome, particularly that of Westernised

populations, although both diet and captivity can increase their similarity [60, 360, 361].

Three studies have previously investigated the impact of age on the captive cynomolgus
macaque intestinal microbiota using 16S rRNA sequencing of faecal samples [57, 64, 70]. Wei
et al. [70] found that the Bacillota:Bacteroidota ratio was significantly increased in individually
caged, captive middle-aged (7-10 years) and elderly (>13 years) male macaques compared to
young adults (4-6 years). No significant change in alpha diversity was seen with age. However,
beta diversity, an approach used to measure of the dissimilarity between microbial
communities, differed significantly in faecal samples from middle aged and elderly macaques
compared to those from young adults and infant macaques (1-2 years). Several phyla, including
Bacteroidota and Fusobacteria, and genera, including those from the Ruminococcaceae,
Lachnospiraceae and Prevotellaceae family, were found to be negatively associated with age.
Other phyla, including Bacillota and Actinomycetota, and genera, including 6 from the

Ruminococcaceae family, were positively associated with age.

Duan et al. [64], examined macaques aged 2-20 years and found no significant changes in
faecal microbiota alpha diversity or beta diversity with age. However, they detected significant
age-related shifts in the relative abundances of certain bacterial families, including a decrease

in Ruminococcaceae, which has also been observed to decline with age in humans [17]. In
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contrast, Yang et al. [57], studying macaques aged 2-15 years, reported no age-related
changes in diversity or taxon abundance, except in infants (1-3 months old) who showed

reduced alpha diversity and significant changes at the family and genus levels.

Yang et al. also found that the faecal microbiota from middle-aged (12-15 years) animals was
significantly enriched in metabolic pathways related to carbohydrate, vitamin, and cofactor
metabolism, as well as cellular signalling, compared to adults (7-10 years). However, no other
changes in microbial community function were observed except for in infants [57]. All three
studies primarily reported taxonomy at the family and genus levels, reflecting the limited
taxonomic resolution of 16S rRNA sequencing. Additionally, all studies targeted the V4 region

of the 16S gene, which has been found to have reduced taxonomic accuracy [93].

Reduced sequencing costs has enabled shotgun metagenomic sequencing to become an
accessible alternative to 16S rRNA sequencing, with the added benefit that microorganisms
from multiple taxonomic kingdoms, as well as functional potential, can be profiled from the
same dataset. When analysing metagenomic datasets, there are two different strategies to
classify sequencing reads to taxa. The first is taxonomy dependent, or reference-based, which
compares individual sequencing reads to reference databases. The second strategy is
taxonomy-independent, assembly-based methods, which rely on de novo assembly and do not
use any reference databases [362]. Assembly-based methods require that unassembled
sequencing reads are assembled into contiguous sequences (contigs). Those contigs are then
grouped into distinct clusters, known as bins, which are assumed to have originated from the
same population. Bins can then be taxonomically classified, after which they may be defined

as a metagenome assembled genome (MAG).

Most previous shotgun metagenomic sequencing studies of the NHP intestinal microbiome
have relied on assembly-based methods as the reference databases utilised in supervised
strategies are not comprehensive, especially for uncultured taxa in little characterised
environments or microbiomes, such as the NHP intestinal microbiota [361]. However, the
reference database of MetaPhlAn4, a reference-based computational tool for assigning
taxonomy to metagenomic datasets, has recently been expanded to include a much broader
variety of genomes. This includes those retrieved from NHP metagenomes, which now makes
the use of a reference-based classification approach feasible for studies of the NHP

microbiome, even if it is still not fully comprehensive [291].

In this Chapter, | have employed both reference-based and assembly-based approaches to
characterise the prokaryotic microbiota in multiple spatial regions of the intestine (from ileum

to distal colon) in captive-bred cynomolgus macaques, as well as in faecal samples from a
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small subset of obese and age-matched controls. The impact of age on taxonomy and
functional profiles was assessed. The study provides the first characterisation and spatial
analysis of the age-associated changes to the microbiota in the small and large intestine of

cynomolgus macaques [57].
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4.2. Results

4.2.1. Taxonomic and functional profiling of the intestinal microbiome in
ageing cynomolgus macaques

To assess the impact of age on the prokaryotic intestinal microbiota, 109 samples from 6
regions of the intestine (from duodenum to distal colon) obtained from 25 cynomolgus
macaques were analysed. All cynomolgus macaques were aged between 4-20 years and were
sorted into three age groups, defined as: young (4-7 years; n = 4), adult (8-12 years; n = 6),
and aged (13-20 years; n = 15). All animals included in this analysis were healthy except for
two animals (M1464F and [153CE), who had high blood glucose levels indicative of diabetes
prior to culling. These animals did not receive specific treatment for diabetes and were culled
within a short time-period following diagnosis. For a detailed overview of the samples and

individuals included in this analysis see Appendix 3.

After removing reads mapping to the host genome and retaining only samples with greater than
1 million reads, the final dataset comprised 65 intestinal microbiome samples from 23
cynomolgus macaques, ranging in age from 4-20 years (the number of sample reads pre- and
post- filtering for host reads can be seen in Appendix 4). The dataset included samples from 4
young, 4 adult, and 15 aged macaques. These samples represented the jejunum, ileum,

caecum, proximal colon, and distal colon.

Four microbiome summary statistics were first calculated at the species level. This included
three measures of alpha diversity, namely Chao1, Inverse Simpson’s index, and Shannon
diversity. Regional-specific assessments of the relationship between age and alpha diversity
were carried out (Appendix 5). An increase in microbial diversity in the distal colon of the aged
cohort, as assessed by the Inverse Simpson’s index, was seen compared to the young cohort
(p = 0.04). No other significant differences were observed. For a summary of the results of the

statistical tests see Appendix 6.

Following assessment of the effect of age on alpha diversity, | then compared the alpha diversity
of each intestinal region (Figure 4.1A-C). These metrics revealed that both species richness
and evenness were significantly increased in the caecum, the proximal colon, and the distal
colon compared to the jejunum and ileum. Richness and evenness in the caecum were also
significantly lower than in the proximal and distal colon (Figure 4.1D). For a summary of the

results of the statistical tests see Appendix 7.

Beta diversity at the species level was assessed using an NMDS ordination plot based on Bray-
Curtis community dissimilarities (Figure 4.1E). Statistical analysis indicated that there were no

significant differences in community composition between age groups. However, distinct
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clustering patterns were observed across different intestinal regions. The ileum and jejunum
exhibited similarities in their microbial communities and formed a distinct cluster, as did the
proximal and distal colon (p<0.05). The caecum also formed a separate cluster from all other

regions (p<0.05). For a summary of the results of the statistical tests see Appendix 8.

Taxonomic profiles of the 65 intestinal samples were created using reference-based taxonomic
profiling methods. This revealed that a large proportion of microbial genomes in these samples
were uncharacterised (average relative abundance of uncharacterised taxa = 49.3% + 13.2%)
(Figure 4.2). Archaea were identified in 28 samples. Within these samples, the average relative
abundance of archaea was 0.6% (+ 0.6%), and the highest percentage of taxa in any sample

assigned to archaea was 2.3%.

Table 4. 1. The number of prokaryotic taxa found at each taxonomic rank in the cynomolgus
macaque intestinal tract

Kingdom Phylum Class Order Family Genus Species
Bacteria 18 297 309 331 762 1109
Archaea 2 2 2 2 6 8

Bacterial taxonomy was assessed in samples from each intestinal region. The number of taxa
present at each taxonomic level can be seen in Table 4.1. Overall, the three most abundant
phyla were Bacteroidota (19.7%), Bacillota (20.4%), and Pseudomonadota (7.4%), with
Bacillota dominating in the small intestine (26.7%) (Figure 4.3A). At the class level and order
level, Bacteroidia (18.0%) and Bacteroidales (18.0%) respectively dominated in the large
intestine (Figure 4.3B and Figure 4.3C). At the family level, Clostridiaceae (17.7%) and
Prevotellaceae (17.7%) were dominant in regions of the small and the large intestine,
respectively (Figure 4.4A). Segatella, a recently defined genus derived after the division of
Prevotella into seven distinct genera, was dominant in all large intestine at the genus level
(14.4%), while Sarcina was dominant in the small intestine (17.4%) (Figure 4.4B) [363]. At the
species level, 7 of the 10 most abundant taxa belonged to the Segatella genus or were
candidate species belonging to the Segatella genus. Conversely, samples from regions of the
small intestine were dominated by Sarcina ventriculi, an anaerobic, Gram-positive, spore-
forming bacterium in the Clostridiaceae family, the only species belonging to the genus Sarcina
in the present dataset (Figure 4.4C) [364]. No age-associated changes in the abundance of

bacterial taxa at any taxonomic level were observed in any region.
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Figure 4.1. Species-level alpha and beta diversity measures of the intestinal microbiota across
different regions of the intestinal tract in a group of healthy cynomolgus macaques of differing ages.
Alpha diversity is assessed using three metrics: (A) Chao1 index (B) Inverse Simpson’s index (C)
Shannon’s index. (D) Tables summarizing statistically significant differences in alpha diversity
between intestinal regions (* = p < 0.05). (E) NMDS plot based on Bray-Curtis dissimilarity, showing
the clustering of samples by intestinal region and age group. Animals were classified as young (4-7
years), adult (8-12 years), or aged (13-20 years).
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Figure 4.3. Relative abundance of the top 10 most abundant bacteria in the intestinal microbiota at
the (A) phylum (B) class and (C) order level across different regions of the intestinal tract in a group
of healthy cynomolgus macaques of differing ages (4-20 years). Within each facet, individual bars
represent samples from different animals, arranged in order of ascending age from left to right.
Animals were classified as young (4-7 years), adult (8-12 years), or aged (13-20 years). Classification
is indicated by the coloured bar at the base of the plot. J = Jejunum.
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Figure 4.4. Relative abundance of the top 10 most abundant bacteria in the intestinal microbiota at
the (A) family (B) genus and (C) species level across different regions of the intestinal tract in a group
of healthy cynomolgus macaques of differing ages (4-20 years). Within each facet, individual bars
represent samples from different animals, arranged in order of ascending age from left to right.
Animals were classified as young (4-7 years), adult (8-12 years), or aged (13-20 years). Classification
is indicated by the coloured bar at the base of the plot. J = Jejunum.
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Due to the prevalence of Segatella at both the genus and species level, | investigated the
number and relative abundance of all Segatella species across all samples at >0.1% relative
abundance (Figure 4.5). Segatella was identified in 86% samples and in samples from all
regions except the jejunum, with ten Segatella species or candidate Segatella species
identified. Additionally, Candidatus (Ca.) Segatella albertsiae was identified at less than 0.1%
abundance in a single proximal colon sample. Segatella species were broadly distributed

across all surveyed regions.

Two archaeal phyla were seen in all surveyed intestinal regions except the jejunum: Candidatus
Thermoplasmatota (formerly part of the Euryarchaeota phylum, but recently proposed as a
novel phylum [365]) and Euryarchaeota (Figure 4.6A). No association between age and relative
abundance was seen for either phylum. At the class level, these phyla were represented by
Thermoplasmata and Methanobacteria (Figure 4.6B). At the order level, they were classified
as Methanomassiliicoccales and Methanobacteriales (Figure 4.6C), and at the family level as

Candidatus Methanomethylophilaceae and Methanobacteriaceae (Figure 4.7A), respectively.

Six taxa were identified at the genus level, the most dominant of which was Methanobrevibacter
(0.3%) (Figure 4.7B). At a species level eight archaeal taxa were identified, three of which
belonged to the Methanobrevibacter genus (Figure 4.7C). No age-associated changes in the

abundance of archaeal taxa at any taxonomic level were observed in any region.

HUMANNS3, a pipeline for profiling microbial metabolic pathways, was used to predict the
metabolic potential of the microbial communities in each intestinal region and produce the
relative abundance of MetaCyc pathways based on the composition of microbial communities
in each sample. Identified MetaCyc pathways were sorted into broader classes of higher-level
organisational terms, with the resulting profiles found to be similar across all samples (Figure
4.8). For each intestinal region, the associations between MetaCyc pathway abundance and
age were assessed. The only significant association found was ‘PWY.1861: Formaldehyde
assimilation Il (Ribulose monophosphate (RuMP) Cycle) in an unclassified prokaryote in the
proximal colon (Coefficient = -9.03; SD = 1.60; n = 14; p = 0.00011; q = 0.19). This pathway
describes the assimilation of formaldehyde in cellular biosynthesis pathways in methanotrophic
bacteria [366].
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Figure 4.6. Relative abundance of the top 10 most abundant archaea in the intestinal microbiota at
the (A) phylum (B) class and (C) order level across different regions of the intestinal tract in a group
of healthy cynomolgus macaques of differing ages (4-20 years). Within each facet, individual bars
represent samples from different animals, arranged in order of ascending age from left to right.
Animals were classified as young (4-7 years), adult (8-12 years), or aged (13-20 years). Classification
is indicated by the coloured bar at the base of the plot.
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Figure 4.7. Relative abundance of the top 10 most abundant archaea in the intestinal microbiota at
the (A) family (B) genus and (C) species level across different regions of the intestinal tract in a group
of healthy cynomolgus macaques of differing ages (4-20 years). Within each facet, individual bars
represent samples from different animals, arranged in order of ascending age from left to right.
Animals were classified as young (4-7 years), adult (8-12 years), or aged (13-20 years). Classification

is indicated by the coloured bar at the base of the plot.
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4.2.2. A taxonomic survey of the faecal microbiota of obese cynomolgus
macaques

In addition to the samples collected to assess the impact of age on prokaryotic taxonomy and
function in the intestinal tract, faecal samples were obtained from an obese mother (M972-AB)
and daughter (M972H-AB), aged 19 and 10 years, respectively. The cause of obesity was
unknown in these animals, as they were not part of any experimental trials and were not kept
separate from the larger colony at the time. For comparative analysis of microbial composition,
faecal samples were also obtained from healthy animals of a normal weight, matched as closely
as possible by age (G30 = 10-year-olds, MHC2 = 15-16-year-olds).

Alpha diversity measures indicated that faecal samples from the obese individuals had an
increased level of species richness compared to age-matched controls (Figures 4.9A-C). Beta
diversity at the species level was assessed using an NMDS ordination plot based on Bray-
Curtis community dissimilarities, but no clustering of samples was apparent because of age or

obesity status (Figure 4.9D).

Taxonomic profiles were created using reference-based taxonomic profiling methods. As in
intestinal samples, a large proportion of microbial genomes in the faecal microbiota remained
uncharacterised (average relative abundance of uncharacterised taxa = 45.0% + 7.9%). On
average, bacteria accounted for 54.6% (+7.9%) of taxa, while archaea accounted for 0.4%
(£0.3%). For both obese individuals and age-matched controls, the number of taxa present at

each taxonomic level can be seen in Table 4.2.

Table 4. 2. The number of prokaryotic taxa found at each taxonomic rank in faecal samples
from obese and non-obese cynomolgus macaques

Health Status Kingdom Phylum  Class Order Family Genus Species

Bacteria 17 257 260 277 608 814
Obese

Archaea 2 2 2 2 4 5

Bacteria 16 252 260 278 626 871
Healthy

Archaea 2 2 2 2 6 7

Overall, the three most abundant phyla were Bacteroidota (21.3%), Bacillota (24.4%), and
Pseudomonadota (2.5%). In the obese animals the proportion of Bacillota was expanded
compared to the age matched controls (35.9% versus 14.4%, respectively) (4.10A). At the class
and order level, Bacteroidia and Bacteroidales respectively dominated in both age groups
(Figures 4.10B-C). At the family level, Prevotellaceae dominated, although the abundance was

reduced in the obese animals (average abundance = 4.8% and 18.5% respectively in obese
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animals and age-matched controls) (Figure 4.11A). A similar reduction in Segatella abundance
was observed at the genus level, where the average abundance of Segatella was 2.7% and
13.1% in obese animals and age-matched controls, respectively (Figure 4.11B). As in the
intestinal microbiota, a large proportion of the top 10 most abundant species in the faecal
microbiota of the obese animals and age-matched controls were Segatella species (Figure
4.11C). However, the overall relative abundance of all Segatella species of >0.1% abundance
was reduced in obese animals compared to age-matched controls (2.5% and 11.4%,
respectively). Archaeal taxa were the same as observed in intestinal microbiota of the ageing
cohort, and no apparent changes were observed between obese animals and age-matched
controls (Figures 4.12A-C & 4.13A-C).

As in intestinal tract samples, the relative abundance of MetaCyc pathways in faecal samples
was assessed (Figure 4.14). While the profiles were generally consistent with those observed
in the intestine, there was a small increase in the relative abundance of ‘Energy Metabolism’

pathways in obese animals, accompanied by a decrease in ‘Biosynthesis’ pathways.
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Figure 4.9. Species-level alpha and beta diversity measures of the faecal microbiota in obese
cynomolgus macaques and closely age-matched controls. Alpha diversity is assessed using four
metrics: (A) Chao1 index (B) Inverse Simpson’s index (C) Shannon’s index. (D) NMDS plot (Bray-
Curtis) depicting clustering of samples by sampling region and age group. Obese animals were a
mother (M972-AB, 19 years) and daughter (M972H-AB, 10 years). Animals were classified as adult
(8-12 years) or aged (13-20 years).

93



A Phylum

N
o

Relative Abundance (%)
5 8

o
L

M972-AB

G30-F1

G30-F2
M972H-AB
MHC2 - F1
MHC2 - M1 -

Sample ID

. Actinomycetota Candidatus Melainabacteria . Lentisphaerota . Spirochaetota

Phylum - Bacillota . Candidatus Thermoplasmatota . Mycoplasmatota
Bacteroidota . Euryarchaeota Pseudomonadota
B Class
T

g
830
c
©
= ]
o
2 ]
2 —— —
g L [ e B
® g - mmm— —
14 T v T T . T

b & E b 5 Ee

' ' T ' | &

o o = o ~ 1N

3 3 5 £ 2 2

= = =
Sample ID
7 Bacil CFGB1765 | | CFGB658 | Epsilonproteobacteria ~ Negativicutes
Class
. Bacteroidia CFGB3054 . CFGB7603 - Gammaproteobacteria - Spirochaetia
C Order
Y

9
830
c
3
2
< ]
g e I
5 ] —
© o o mmmmmm—— N Ee—
4 T T T T

b o g i s g

' ' i ' y &

o o & I ~ N

3 3 5 £ g 2

= = s

Sample ID
. Aeromonadales Campylobacterales . OFGB1765 - OFGB658 Selenomonadales
Order
[ Bacteroidales Lactobacilasles | OFGB3054 || oFGB7603 [l Spirochaetales

Figure 4.10. Relative abundance of the top 10 most abundant bacteria in the faecal microbiota at (A)
phylum (B) class and (C) order level in obese cynomolgus macaques and closely age-matched
controls. Obese animals were a mother (M972-AB, 19 years) and daughter (M972H-AB, 10 years).
Animals were classified as adult (8-12 years) or aged (13-20 years).

©

4



A Family

B
o

w
o

-
o

Relative Abundance (%)
n
o

M972-AB | I I

0
s
o
R3]
I
s
Sample ID
[ Bacteroidales unclassified ~ FGB1765 [ Lactovacilaceae [l Treponemataceae
Family . Campylobacteraceae . FGB658 . Prevotellaceae
. Clostridiaceae . Lachnospiraceae . Succinivibrionaceae
B Genus
g
Q
o
c
@©
e
c
3
E B
<
0 -
2
©
[0) T T
x L & b = 2
o o o ~ N
3 3 2 2 2
= =
Sample ID
[ Anaerovibrio ~ GeB13851 || ceBi627 [ GGB2734  Segatella
Genus
[ ceBi230 ceBiets | GeB2726 [ Prevotelia [l Treponema

C Species

= N
v o

o

o

Relative Abundance (%)
5

G30-F1
G30-F2 |
M972-AB -

MHC2 - M1 I ‘I

MHC2 - F1 |

Sample ID

[ candidatus Segatella intestininominis || GGB2734 SGB3677  Segatella hominis

[ coBi618 SGB2215 " prevotellabrevis [l segatella sinica
Species
| GGB1627 SGB2230 [ segatella brasiliensis
GGB2726 SGB3668 [ segatella copri

Figure 4.11. Relative abundance of the top 10 most abundant bacteria in the faecal microbiota at
(A) family (B) genus and (C) species level in obese cynomolgus macaques and closely age-matched
controls. Obese animals were a mother (M972-AB, 19 years) and daughter (M972H-AB, 10 years).
Animals were classified as adult (8-12 years) or aged (13-20 years).

95



A Phylum

IS I R

Sample ID

o
™

Relative Abundance (%)
o o o o
o N B o

G30-F1

G30-F2-
M972H-AB
MHC2 - F1
MHC2 - M1

M972-AB

Phylum . Candidatus Thermoplasmatota - Euryarchaeota

B Class

o
o

Relative Abundance (%)
o o o o
o N R o

G30 - F1
G30- F2
M972H-AB
MHC2 - F1
MHC2 - M1
M972-AB

Sample ID
Class . Methanobacteria - Thermoplasmata

C Order

o
o

Relative Abundance (%)
o o o o
o N B o

MHC2 - F1
MHC2 - M1 |

G30-F1

G30-F2-
M972H-AB

M972-AB -

Sample ID
Order [I] Methanobacteriales il Methanomassiliicoccales

Figure 4.12. Relative abundance of the top 10 most abundant archaea in the faecal microbiota at
(A) phylum (B) class and (C) order level in obese cynomolgus macaques and closely age-matched
controls. Obese animals were a mother (M972-AB, 19 years) and daughter (M972H-AB, 10 years).
Animals were classified as adult (8-12 years) or aged (13-20 years).

96



A Family

o
o

g
o

o
[N}

L f L

MHC2 - F1 |
MHC2 - M1

Relative Abundance (%)
o
S

o
[S)

G30-F1

G30-F2
M972H-AB

M972-AB |

Sample ID

Family . Candidatus Methanomethylophilaceae . Methanobacteriaceae

w
®
o
=]
£
]

o
o

o
o

o
[N)

o
=}

L L

MHC2 - F1 | I

Relative Abundance (%)
o
S

T o 2 s 2
. ! I ! N
8 8 N 3 5
] o o I =
= s
Sample ID
. Candidatus Methanomethylophilus GGB267 . Methanobrevibacter
Genus
I ceB12829 GGB519  Methanosphaera
C Species
T aa
0.8 ]
I
0.6

Relative Abundance (%)
o
D

0.0 i
T o 2 b s 2
' ' T ' | &
(= o ~N o o~ ~
3 3 5 2 2 2
= = =
Sample ID
. Candidatus Methanomethylophilus alvus GGB519 SGB697 . Methanobrevibacter smithii
Species . GGB12829 SGB19948 . Methanobrevibacter gottschalkii . Methanosphaera stadtmanae
GGB267 SGB372 . Methanobrevibacter SGB21046

Figure 4.13. Relative abundance of the top 10 most abundant archaea in the faecal microbiota at (A)
family (B) genus and (C) species level in obese cynomolgus macaques and closely age-matched
controls. Obese animals were a mother (M972-AB, 19 years) and daughter (M972H-AB, 10 years).
Animals were classified as adult (8-12 years) or aged (13-20 years).

97



‘(s1eah 0g-¢1) pabe Jo (sieak g1-g) JINpe Se palISSe|d aiam S|ewiuy
‘(s1eaA Q| ‘9v-HZ.Z6N) Jeyybnep pue (siesh 6| ‘gv-Z/61A) JOUjow B alem sjewliue asaqQ ‘sw.s} [euonesiuebio [aAal-1aybiy ojul pasiobaleo ale shkemyied
"S|0J3U0D paydjew-abe A[9solo pue sanbeoew snbBjowouid 8seqo wol) sejdwes |esaey ul skemyied oADeIS| JO S9jIJ0Id 8ouepunge aAledy 1Ly 9i1nbi4

LW - ZOHW
L4 - ZOHW

| av-cLen
av-HZ.6W

124-0€9
14-0€9

v o
o~

(sseap) eby
shemyjed podsues) .
shemyjed Jadng .

__D_ﬂ_”>_-3 I} {} 1/ ._-V>.=)( 0«__
s18)sn|Q dljoqels .
UOIEOHIPOW BNOBJOWOEN |
shemyjed ueok|9 .
ABieu3 pue sejijoqeje|N Josinoald o uoleseusy ‘wsijoqels\ ABisus
uonesyIxoleq .
nejiwIssy/uonezinn/uonepelbaq :uonepeibaq
sisayjuhsolg .
ainjead 9AQeleN
-7
00k

3
(%) @duepunqe aAne|y

98



4.2.3. Reconstruction of 108 putative novel genomes from cynomolgus
macaque intestinal tract microbial metagenomes

A large proportion of reads remained unclassified when carrying out reference-based
taxonomic profiling, highlighting the relative scarcity of microbial genomes representative for
the cynomolgus macaque intestinal microbiota. Therefore, | employed an assembly-based
approach to reconstruct bacterial and archaeal genomes de novo in all available metagenomic
samples, including those from both the intestinal tract and faecal sampling. After individual
sample assembly and contig binning of the 119 samples considered, 1,435 MAGs were
retrieved that met the criteria of completeness > 50% and contamination < 10%, previously
defined as medium quality draft genomes [367]. Of these, 358 had completeness > 90% and

contamination < 5%, defined as high quality draft genomes [367].

MAGs were clustered at 95% ANI to obtain 534 species-level genome bins (SGBs), which were
composed of 526 bacterial SGBs and 8 archaeal SGBs. Of SGBs not defined to species level,
106 bacterial SGBs (19.9% total bacterial SGBs) and 2 archaeal SGBs (25% total archaeal

SGBs) had an average nucleotide identity of <95%, representing potentially novel species.

Taxonomic labels for all putative novel genomes were determined to genus level using the
GTDB database. It should be noted that this database differs from the one used previously for
reference-based profiling of intestinal microbial taxonomy, which may result in different
taxonomic naming conventions. At a phylum level, 69 (65.1%) of all identified bacterial SGBs
belonged to the Bacillota phylum, while the two archaeal SGBs belonged to the phyla
Methanobacteriota and Thermoplasmatota (Figure 4.15A). 58 of the 69 SGBs assigned to
Bacillota were represented at a class level by Clostridia. At the order level, the majority of
bacterial SGBs were represented by Lachnospirales (30.2%) and Oscillospirales (17.0%), both
belonging to the class Clostridia (Figure 4.15B). At a family level 29.2% bacterial SGBs were
represented by taxa belonging to the Lachnospiraceae (Figure 4.15C). The two archaeal
genomes were assigned to the families Megasphaeraceae and Methanobacteriaceae. At a
genus level, the prevalence and abundance of all potential novel genomes in all available
intestinal and faecal metagenomes was assessed (Figure 4.16). The abundance and
distribution of these previously uncharacterised SGBs was relatively homogenous among
faecal and large intestinal samples but appeared largely absent in samples from the small

intestine.
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4.3. Discussion

4.3.1. Captivity may have altered the cynomolgus macaque microbiota

Taxonomic profiling of bacteria in the intestinal microbiota of cynomolgus macaques of differing
ages revealed that Bacteroidota, Bacillota, and Pseudomonadota were the most abundant
phyla, although the proportion of Pseudomonadota was reduced compared to the other two
phyla. This aligns with previous studies of cynomolgus macaques, but contrasts with a study
comparing the faecal microbiota in humans, wild rhesus macaques, and wild hybrids of rhesus
and cynomolgus macaques, which found approximately equal proportions of Bacteroidota,
Bacillota, and Pseudomonadota in the macaque microbiota [57, 64, 70, 92]. In comparison,
human samples were dominated by Bacteroidota and Bacillota, with less than 5%
Pseudomonadota, more closely aligning with the findings in the present study [92]. Previous
studies have shown that captivity causes shifts in the faecal microbiota of NHPs, with a survey
of the faecal microbiota in both captive and wild douc langurs and howler monkeys finding that
captivity causes their microbiota to become more similar to the modern human microbiota [60,
368]. Here, therefore, the reduced proportion of Pseudomonadota in cynomolgus macaques

may be a result of captivity, although species-specific differences may also play a role.

The genus Segatella was notably abundant in the bacterial intestinal microbiota in the caecum,
proximal colon, and distal colon in healthy animals of the present cohort. Further investigation
of the prevalence of all Segatella species at >0.1% abundance revealed a broad distribution of

ten Segatella species from the ileum to the distal colon.

Before the Prevotella genus was divided into seven distinct genera, including Segatella, an
increased abundance of Prevotella was reported to be associated with the microbiomes of non-
Westernised human populations, or those which typically follow plant-based, low-fat, high-fibre
diets, such as the Mediterranean diet [58, 369-373]. Many of these studies could only assign
taxa to genus, not species, level, although two studies did specifically identify P. copri within
the Prevotella genus [58, 372]. These studies were conducted prior to the taxonomic revision
and expansion of S. copriinto a complex encompassing thirteen distinct and genetically diverse
species, so it remains unclear whether the species identified as P. copri would now correspond
to one or more Segatella species. The taxonomic reclassification of S. copri utilised genomes
identified from both human and NHP metagenomes [374]. This previously unrealised diversity
in S. copri may account for why it's presence in the intestinal microbiota has previously been
linked to both positive and negative health outcomes, as different species may exert distinct
effects in the intestinal microbial community and on the host [375-380]. However, none of the
thirteen identified Segatella species were found to be associated with age, BMI, or disease
[374].
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Four of the thirteen new S. copri species were primarily retrieved from NHP metagenomic
datasets (Ca. S. intestinihominis, Ca. S. violae, Ca. S. mututuai, and Ca. S. papionsis).
However, of these, only Ca. S. violae was identified in the present study [374]. The remaining
nine species were primarily retrieved from human metagenomes and were all present in the
current dataset. Blanco-Miguez et al. subsequently investigated the human metagenomes from
which these nine human-associated Segatella genomes were originally isolated. Consistent
with previous studies, they found that the prevalence and diversity of these species were higher
in non-westernised human populations [374, 375]. S. copri, S. brunsvicensis, S. sinensis, and
S. brasiliensis were also prevalent in 20-25% of ancient metagenomes. Human-associated
Segatella genomes were also prevalent in faecal metagenomes from a cohort of captive

cynomolgus macaques, aligning with the present study’s findings [374].

In the present study, the prevalence of Segatella across the lifespan in healthy cynomolgus
macaques mirrors the levels observed in non-Westernised human populations. This similarity
is likely a result of the macaques’ plant-based, high-fibre diet, supporting the hypothesis that a
low-fibre Western diet may drive the loss of Segatella in the intestinal microbiome [58, 369-
373]. Interestingly, the colonic microbiota of wild-born cynomolgus macaques housed in
captivity showed an enrichment in S. copri after one year, as well as a reduction in alpha
diversity [60]. The database used for bacterial classification in this study precedes the
reclassification of S. copri into thirteen distinct species, so it is unknown which species in the
S. copri complex are referred to in this study. As the authors note, the reduction in S. copri
(complex) may be a result of differences in diet and environment, as well as an increase in
human contact. In the present study, the prevalence of human-associated Segatella species in
healthy cynomolgus macaques raises the question of whether their prevalence and abundance
are linked to the colony’s captivity and interaction with human handlers, altering their intestinal
microbiota composition from what it would be in their natural environment [374]. In future work,
it would be interesting to profile the intestinal microbiome of a similar cohort of captive
cynomolgus macaques and their human handlers to assess the overlap between their microbial
communities. This may be achieved via classification of metagenomes obtained from faecal
samples at sub-species or strain level. An increased proportion of strains shared between the
two groups would be indicative of direct transmission occurring as a result of social interactions
[381, 382]. However, a previous study of strain transmission in a wild baboon population
identified that shared environmental characteristics were also a significant factor that resulted
in increased strain sharing between individuals, even in animals that did not interact directly,
obscuring the ability to identify socially-determined transmission networks [382]. To determine

whether a transmission network exists between captive-bred cynomolgus macaques and their
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human handlers, it may therefore be beneficial to incorporate longitudinal sampling into the

study design to assess recently acquired strains in each group, as well as strain persistence.

4.3.2. A microbial signature for obesity in cynomolgus macaques?

In faecal samples from obese animals, differences in microbial taxonomy were evident when
compared to non-obese age-matched controls. Most notably, this included an expansion of the
Bacillota phylum, a reduction in the abundance of Segatella species, and an increase in alpha
diversity in the obese faecal microbiota. This increase in alpha diversity contrasts with previous
findings in humans, which have reported reduced diversity in the faecal microbiota of obese
individuals [383]. The reduction in Segatella species abundance both aligns and contradicts
with previous studies of Prevotella abundance in obese individuals. As described above, this
discrepancy may be explained by these studies preceding the reclassification of Prevotella to
multiple genera, including Segatella, and S. copri to a clade comprising of thirteen distinct
species [363, 374, 384, 385]. Other variables, such as ethnicity, diet, and socioeconomic status,
have also been shown to affect the relationship between obesity, alpha diversity and the relative
abundance of Prevotellal Segatella, which likely also contributes to the lack of consensus of the

relationship between these variables [385].

A higher Bacillota:Bacteroidota ratio aligns with previous findings in obese animal models,
although evidence in mice suggests that an increased proportion of Bacillota is more strongly
associated with diet-induced obesity rather than genetic obesity [386, 387]. In humans, the
relationship between the Bacillota:Bacteroidota ratio and obesity is less clear, with studies
reporting positive, negative, or no association between the two variables [383, 388-392]. In
studies that found a positive association, this was primarily due to a reduction in Bacteroidota
rather than an expansion of Bacillota [383, 389]. The faecal microbiome has also been shown
to alter in cynomolgus macaques fed with different human-like dietary patterns, with the
Bacillota:Bacteroidota ratio increasing in macaques fed a diet mimicking a typical Western diet
[393]. However, the obese animals in this study followed the same dietary pattern as all other
animals in the study. The reason for their obesity may therefore be due to genetic or
behavioural factors, for example, exhibiting more sedentary behaviours. As discussed in
Chapter 3, another potential cause may be social hierarchical factors, meaning they may have
consumed more food compared to others in the colony as a result of their social standing. It
may also reflect an increased capacity for energy harvest by the obese intestinal microbiota,
as is found in studies of both obese mice and humans [394, 395]. This hypothesis is consistent
with the modest increase in the relative abundance of energy metabolism pathways seen in the

present study.

104



More recent studies of the intestinal microbiota and obesity have also questioned the existence
of an obese 'signature’ in the human intestinal microbiota, suggesting that previous studies may
have had insufficient sample sizes to accurately identify such a signature due to the high levels
of inter-individual variation in microbial composition [392, 396]. Inter-individual variation may
also explain the differing taxonomy observed in the obese cynomolgus macaques in the present
study. Additionally, a study of baboons found intestinal microbiome phenotypes to be
significantly heritable, which may contribute to the similarity observed in the faecal microbiome
profiles of the obese mother and daughter [397]. Alternatively, the similarity between the obese
animals may be a result of grooming behaviours, which has been found to promote intestinal
microbiome similarity in other NHP species [381, 398-400]. Therefore, although the findings
indicate potentially heritable or socially transferable differences in faecal microbial taxonomy in
the obese animals, the limited number of samples available is insufficient to determine whether

a distinct microbial signature for obesity exists in cynomolgus macaques.

4.3.3. First characterisation of the small intestinal microbiota in cynomolgus
macaques

In the small intestine of healthy macaques, S. ventriculi, a Gram-positive, spore-forming,
anaerobic bacterium, was the most dominant species identified. S. ventriculi cells are cuboidal
and form into a tetrad arrangement, aiding the identification of their presence through
histological methods [401]. S. ventriculi has previously been identified in faecal samples from
a number of apparently healthy mammals, including a number of Old World NHPs, suggesting
that it may be a common (shared commensal) intestinal microorganism in the present cohort
of cynomolgus macaques [402, 403]. A previous study of human faecal samples, published in
1971, also indicated that it is a common commensal in vegetarians living in Uganda, India, and
London, although nearly absent in meat-eaters [404]. Conversely, in more recent case studies,
S. ventriculi is often reported to be a pathogen, capable of exacerbating pre-existing
gastrointestinal conditions and implicated as a potential cause of emphysematous gastritis,
gastric perforation, and gastric ulcers [405, 406]. These contradictory findings suggest that S.
ventriculi may be an opportunistic pathogen in humans, and that its identification may be rare
in studies of the human intestinal microbiota because it resides in the small intestine—a region

that is both difficult to sample and poorly characterised in humans [407].

Itis unclear, however, whether S. ventriculi also represents an opportunistic pathogen in NHPs.
A case study describing the sudden death of a cynomolgus monkey who had recently
undergone an FMT found gastric dilation and rupture upon autopsy, coinciding with a high
abundance of S. ventriculi in the duodenum [408]. This association does not, however, provide

definitive evidence that S. ventriculi was the causative agent. A closely related, highly virulent,
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species of Sarcina, which forms a similar tetrad arrangement of bacterial cells to S. ventriculi,
was recently identified and closely associated with a lethal neurological and gastrointestinal
syndrome affecting chimpanzees in an animal sanctuary in Sierra Leone [409]. The authors
speculate that previous documented cases of S. ventriculi infection based on morphology alone
may have been caused by a closely related, but more virulent, Sarcina species. 16S rRNA
gene sequencing also indicated substantial variation between cultured strains of S. ventriculi,
suggesting strain variation may account for the apparent lack of pathogenicity in NHPs [402].
Alternatively, tolerance for S. ventriculi colonisation in NHPs may stem from differences in
physiology or microbial community interactions. The asymptomatic presence of S. ventriculi in
cynomolgus macaques may prove useful in studies aiming to understand the aetiology and
pathogenesis of S. ventriculi infection in humans. However, it's prevalence also highlights the
potential differences between the human and macaque intestinal microbiota, emphasising the

need for caution when extrapolating findings from animal models to humans.

4.3.4. High prevalence of methanogenic archaea in the cynomolgus macaque
microbiota

The overall observed percentage of archaea in the present cohort (both healthy and obese
cynomolgus macaques) was 0.5%, lower than what has been reported in humans
(approximately 1.2%) [410]. The archaea identified were all methanogens within the
Euryarchaeota and the Candidatus Thermoplasmatota (formerly Euryarchaeota) phylum,
closely aligning with findings in the human intestinal tract [411]. The most prevalent archaea in
humans are of the order Methanobacteriales and Methanomassiliicoccales, both of which were
detected in the present cohort at a prevalence of 56.5% [410]. The abundance of archaea has
been positively correlated with dietary fibre content in NHPs and their prevalence in the present

cohort of cynomolgus macaques is therefore likely a result of diet [412].

Breath methane content is often taken as a proxy for the presence of methanogens, as
intestinal methane is solely produced by this subpopulation of archaea [413-415]. High-
methane emission has been correlated with a more complex intestinal microbiome, suggesting
that the presence of methanogens might influence or be influenced by overall diversity of the
intestinal microbiome [413]. Methane emissions have also been positively associated with age
in humans, suggesting that the abundance of methanogens in the intestinal microbiota
increases with age [414, 415]. No association between methanogen abundance and increasing
age was seen in this cohort of cynomolgus macaques. It is possible that this may be related to
methodological limitations. The protocol used for DNA isolation in the present study was not
optimised for extraction of DNA from archaea, potentially limiting the ability to determine full

archaeal diversity of the intestinal microbiota in this cohort of cynomolgus macaques [410].
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Further work should consider the use of DNA isolation protocols which have previously been

determined to most effectively isolate DNA from both bacteria and archaea [416].

4.3.5. Limited changes to intestinal microbial taxonomy and function with age

The present study found that there was significant regional heterogeneity in the composition of
the cynomolgus macaque intestinal microbiota. Microbial richness and evenness were
increased in the caecum and the colon compared to the small intestine. Observed species
richness (Chao1), and the proportional distribution of the most common species (Simpson) and
the rarest species (Shannon), increases progressively along the intestinal tract, from jejunum
to distal colon. These findings align with a previous study on microbial community structure
along the intestinal tract in mice [417]. However, while that study found no significant change
in alpha diversity between the caecum and the colon, my findings show that the caecum is

distinct from both the small intestine and the colon in cynomolgus macaques.

In contrast, the present study found no associations between age, beta diversity, or the
abundance of specific bacterial or archaeal taxa along the intestinal tract. This conflicts with
the findings of several studies investigating the effect of age on the intestinal microbiota in
captive and wild cynomolgus and rhesus macaques (Table 1.1). In a study of captive, male
cynomolgus macaques conducted by Wei et al., microbial profiles were distinct in different age
groups in faecal samples taken from infant (1-2 years), young adult (4-6 years), middle-aged
(7-10 years), and elderly (=13 years) macaques [70]. The discrepancy between the findings of
this study and my own may be due to differences in cohort size (the study by Wei et al. included
samples from >100 macaques), distribution of ages, methodology, and environment. The
animals within the present cohort were captive-bred, co-housed animals from a UK colony with
a high health status. In comparison, the animals within the study conducted by Wei et al. were
individually caged and never mixed for co-housing [70]. This does not reflect the social
dynamics of wild populations of cynomolgus macaques and may have influenced the ability of
the authors to determine significant effects of age on intestinal microbial composition.
Additionally, the study by Wei et al. was conducted on male animals only [70]. A separate study
of wild rhesus macaques and rhesus/cynomolgus macaque hybrids also found age-related
shifts in the anal microbiota in male, but not female, animals [92]. This raises the question of
whether age-associated changes to the intestinal microbiota are sex-dependent. With only a
small proportion (5/23) of male animals in the present study, examining sex-based associations
was not feasible. Future work investigating the effect of age on the intestinal microbiome in

cynomolgus macaques may benefit from including an equal number of animals of each sex.

With one exception, age also did not have a significant effect on intestinal region-specific
measures of alpha diversity, which included metrics of both microbial richness and evenness.
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This aligns with previous findings in adult cynomolgus macaques (Table 1.1) [57, 64, 70]. While
sex-based differences in age-related effects on the intestinal microbiota might explain their
absence in the present study, it is likely that the small sample size and uneven age distribution
in the cohort may have limited the statistical power to detect such changes and could have
increased the likelihood of false positives. Therefore, the results should be interpreted with
caution. The large percentage of host-genomic DNA contamination in many of the samples,
especially those obtained from the small intestine, further reduced the size of the dataset. It is
also possible that age-related shifts are only seen in more elderly cynomolgus macaques (>20
years), which were not included in the present study. Studies reporting taxonomy shifts in
elderly humans generally only find them in the oldest individuals, with most changes reported
to occur after 70 years of age [15, 355]. Well-designed studies encompassing a broader range
of ages are needed to establish the effect of ageing on the intestinal microbiota in cynomolgus

macaques.

Of the functional pathways identified in this dataset, a single metabolic pathway, describing the
assimilation of formaldehyde in an intracellular metabolic pathway found in methanotrophic
bacteria, in the proximal colon was identified to be negatively associated with age.
Methanotrophs are Pseudomonadota that can assimilate methane as their sole carbon source,
therefore belonging to a phylum which has been reported to account for a significant proportion
of functional variability in the intestinal microbiota [366, 418]. Using reference-based profiling
methods, the taxa that this pathway belongs to was unable to be identified, highlighting the
large proportion of microbial reads classified as ‘Unknown’ in this study. As age did not appear
to influence microbial taxonomic profiles, the lack of age-associated effects on functional
profiles was not unexpected. Functional similarity in animals of different ages may be promoted
by factors such as co-housing, grooming behaviours, and similarities in diet [381, 398-400,
419]. Due to the fibre-rich diet of cynomolgus macaques, in future work it may be interesting to
focus functional analyses on genes encoding carbohydrate-active enzymes (CAZymes), which
include glycoside hydrolases and polysaccharide lyases [420]. In humans, representation of
glycoside hydrolase genes in the intestinal microbiome has been associated with intake of
dietary fibre [421]. Investigating the association between dietary preferences, which may be
influenced by social hierarchy, and representation of CAZymes in captive cynomolgus
macaques may therefore provide insights into how diet influences microbiome structure and
function. It may also provide insights into why age-associated changes in structure and function

are limited in the present cohort.
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4.3.6. Expansion of the cynomolgus macaque intestinal microbiota genome
catalogue

Although the MetaPhlAn4 reference database has recently been expanded for previously little
characterised microbiomes, including NHP microbiomes, it is not fully comprehensive, likely
explaining the characterisation of only approximately half of taxa in the current datasets [291].
This highlights both the limited overlap between human and NHP microbiomes, as well as the
limitations of the findings of the present study. Without knowledge of the entirety of the microbial
community composition, it is impossible to know which taxa are truly the most abundant, or
whether there are age-associated changes in taxonomy that would be apparent if a larger

fraction of the microbial community could be identified.

| attempted to explore the uncharacterised portion of the present metagenomic dataset by
undertaking an assembly-based approach to identify putative novel genomes. This revealed
108 potentially novel bacterial and archaeal SGBs, all of which could be classified down to
genus level. Notably, the majority of these SGBs belong to the Lachnospiraceae family, which
comprises a diverse range of anaerobic, fermentative genera capable of metabolising dietary
polysaccharides [422]. Within the Lachnospiraceae family several genera, including Roseburia,
Coprococcus, and Lachnospira, all of which are butyrate producers, were identified [423-425].
Butyrate is known for its beneficial effects on immune cells and intestinal barrier function and
may play a key role in the microbiota-gut-brain axis, influencing communication through
immune, hormonal, and neuroendocrine signalling pathways [426]. The identification of a
number of putative novel SGBs in the cynomolgus macaque intestinal microbiome suggest that
it may be a source of previously unrealised diversity among numerous taxa. Future work should
include functional characterisation of these SGBs to develop a deeper understanding of their

function within the intestinal microbial community.

A previous study that isolated MAGs from both wild and captive NHP metagenomic datasets
found that approximately three-quarters of the MAGs from captive NHP metagenomes were
shared with those isolated from human metagenomes, while only a small percentage of those
from wild NHPs could be found in human datasets [361]. It would be interesting to replicate this
analysis with the present dataset, which would give an indication of how similar the intestinal

microbiota of cynomolgus macaques in long-term captivity is to humans.

The majority of putative novel SGBs are absent in small intestinal samples, although they are
relatively evenly distributed across large intestinal and faecal samples. The absence of the
SGBs in the small intestine may be reflective of an uneven distribution between the small and
the large intestine. It may also be a result of the lower sequencing depth in samples obtained
from the small intestine, discussed in greater detail in the following section.
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While the ability to assemble MAGs has significantly advanced knowledge of microbial diversity
in a large diversity of environments, it is important to note that MAGs can contain assembly and
binning errors [427]. Draft MAGs should therefore be considered in conjunction with genomes
obtained from single isolate sequencing to ensure accuracy in genomic studies. If this is not
possible, and as concluded by Chen et al., recovery and curation of complete genomes from
metagenomic datasets should be attempted in major lineages to provide high-quality
references for the identification of novel genomes [427]. Future work utilising any of the putative
novel genomes presented here should consider implementing these approaches so as not to
risk propagating errors arising from the assembly process, including misbinning. Additionally,
although the GTDB is regularly updated (the database used in the present analysis was
released in April 2024), it may not include the most recently identified taxa, or accommodate
all recently proposed naming conventions [428]. This is exemplified by, as of August 2024, the

continued use of Prevotella as the genus name for Segatella copri.

4.3.7. Limitations of metagenomic analysis and potential host DNA interference
Mapping metagenomic samples to the cynomolgus macaque genome revealed a high
proportion of host DNA in the samples (Appendix 4). The presence of host DNA can reduce
sequencing sensitivity, thereby decreasing the ability to detect low-abundance species due to
reduced sampling depth of microbial reads [429]. Consequently, only samples with >1 million
reads were included in the present taxonomic analysis using reference-based profiling
methods. This threshold has previously been found to be sufficient for achieving <1%
dissimilarity to the full taxonomic composition of metagenomic samples [430]. Most notably,
this criterion led to a reduced number of small intestinal samples included in the reference-
based taxonomic profiling, with no duodenal samples included, which meant that
characterisation of all six intestinal sampling regions could not be carried out. Based on
observations at the time of sample processing for DNA extraction, small intestinal samples
contained a substantial amount of mucus and little faecal material, which likely accounts for the
high proportion of host DNA in these samples. Further characterisation of the small intestinal

microbiota in cynomolgus macaques is desirable.

As with inference of taxonomy in metagenomic datasets, a drawback of functional annotation
is that the results are limited by the completeness and accuracy of the database used.
Misannotations in public databases are thought to be increasing, partially due to a reliance on
homology-based inference to predict function [431]. This can result in over-annotation, where
a gene is assigned an incorrect function, which may lead to incorrect assumptions about the
role of a microbe within the intestinal microbiome and their interactions with the host [431, 432].

In the present study, it is possible that functional assignment was affected by the presence of
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errors in the databases used. Another drawback of functional profiling of metagenomes is that
the method only quantifies the changes in abundance of metabolic pathways in the microbial
community, not changes in activity. As microbial metabolites are key for activation of gut-brain-
axis signalling networks, it would be interesting to include metabolomic profiling in future work

to investigate how the metabolic capacity of the intestinal microbiota alters with age [433].

4.3.8. Health status of NHPs

In humans, the composition of the faecal microbiome is altered in those with type Il diabetes
compared to healthy controls [434-437]. Two aged cynomolgus macaques within this cohort
had high blood sugar levels, indicative of diabetes, which may impact on the composition of the
intestinal microbiota. However, this analysis did not reveal evidence of a distinct microbiota

composition in these animals.

4.4. Conclusions

The present study represents the first characterisation of the intestinal microbiota in both the
small and large intestine across the lifespan in a cohort of captive-bred cynomolgus macaques.
Species-level taxonomy and function of prokaryotic communities was investigated along the
intestinal, as well as in the faecal microbiota in a small subset of obese animals. While, with
one exception, no significant relationships were found between age, taxonomy, and function,
the study raises awareness of the potential effects of long-term captivity on the cynomolgus
macaque intestinal microbiome. The study’s use of both reference- and assembly-based
methods demonstrated the differing taxonomy of the cynomolgus macaque intestinal
microbiota in the small and the large intestine, while still exemplifying the need for further
characterisation of the NHP intestinal microbiome. The catalogue of putative novel genomes
retrieved from the present dataset provides a resource that will contribute to better

understanding of the diversity of the cynomolgus macaque intestinal microbiota.
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5.0. Chapter 5: The intestinal mycobiome

5.1. Introduction

Fungi are a recognised but under-characterised constituent of the mammalian intestinal
microbiota. Fungal taxa regulate and interact with the host immune system and other residents
of the intestinal tract microbiota [438]. While fungi are estimated to account for a relatively small
proportion of the intestinal microbiota, contributing only 0.1% total gene content in the faecal
microbiome, their larger cell size means they likely represent a significant share of biomass
[439]. In humans, fungal commensals maintain a stable population over years [173]. They have
also been implicated in the aetiology and/or exacerbation of several human diseases, including
age-related conditions, such as IBD, colorectal cancer, and AD [182-187, 190, 440-442].

Only recently has the effect of age on the intestinal mycobiota started to be elucidated in
humans, where it is recognised to be a driving factor in changes to fungal community
composition [18, 170, 173, 197]. A meta-analysis of intestinal mycobiome study data defined
four distinct enterotypes at genus level in which Candida, Saccharomyces, Aspergillus, and an
unknown genus belonging to the Ascomycota phylum dominated. Candida and the unclassified
genus were most abundant enterotypes and were significantly enriched in elderly participants
(>60 years) [170].

The Candida genus is one of the most abundant within the intestinal fungal community of
healthy humans, comprising multiple human-associated commensals, including C. albicans
[18, 168, 170, 197]. Candida species typically reside as harmless commensals on mucosal
surfaces in the majority of individuals, but at least 15 distinct Candida species are pathobionts
with the majority of infections caused by five species: C. albicans, C. glabrata, C. tropicalis, C.
parapsilosis and C. krusei [171, 443]. These species can cause infections ranging in severity
from mild mucosal surface infections to life-threatening bloodstream infections and candidemia
[444, 445]. Recent global estimates suggest there are >1.5 million cases annually of
candidemia and invasive candidiasis [446]. The most prevalent disease-causing Candida
species in both adult and paediatric populations is C. albicans, although non-C.albicans
Candida species are increasing in prevalence [447]. C. albicans is a dimorphic yeast species,
which means it can switch between a unicellular yeast and a multicellular filamentous
morphology, the yeast and hyphal forms. Its pathogenicity is associated with this ability, with

the latter form linked to virulence and tissue invasion [443].

Intestinal fungal pathobionts can disseminate from the intestinal tract to the bloodstream and
other organs, including the brain. For example, clinical evidence suggests that expansion of C.

albicans and C. parapsilosis within the intestinal microbiota precedes translocation and
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infection of the bloodstream in patients with candidemia [190]. Fungal antigens from Candida
species have also been detected within the serum of AD patients [186]. Examination of the
brains of AD patients post-mortem has revealed fungal DNA, proteins, and cell bodies from
multiple fungal species, including Candida [182-185]. As no fungal material is detectable within
healthy brains, these findings suggest that a set of circumstances arise within AD patients
allowing for dissemination of fungi from other body sites, such as the intestinal tract, following
compromisation of the immune system and/or integrity of epithelial/endothelial barriers. While
fungal infection of the human brain is uncommon, Candida meningitis can occur as a
complication of candidemia. Neonates and premature neonates are particularly susceptible to
this infection, although candidemia does not always precede manifestation of Candida infection
[448-450]. Whether or not fungal brain infection is a contributor to the aetiology of AD or a sign
that AD patients have an increased susceptibility to fungal infections is, however, unclear. There
is significant opposition to the theory that links the development of neurodegenerative disease
to a microbial aetiology [451]. However, it is possible that during ageing the presence of
immunosenescence, inflammageing, intestinal microbial dysbiosis, and increased likelihood of

co-morbidities, could create a set of circumstances allowing for disseminated mycoses.

Previous studies investigating the relationship between age and the intestinal mycobiota in
humans collected extensive demographic data, highlighting the challenge of attributing
changes in the intestinal microbiota solely to ageing [18, 170, 173, 197]. Numerous confounding
factors, such as age-related shifts in lifestyle and behaviour, must also be considered. These
co-variables are minimised in animal studies, where both environmental conditions and diet
can be controlled. Cynomolgus macaques offer a promising animal model for studying age-
related changes in the mycobiota due to their significant physiological similarities to humans,

combined with the ability to control their environment and diet [49].

Before the present study, only one previous study of the intestinal mycobiome in cynomolgus
macaques had been carried out, surveying the faecal mycobiota in cohorts of both wild and
captive macaques of a similar age. The study found that in both populations the faecal
mycobiota was dominated by Saccharomycetales at order level, and by Kazachstania (a genus
which has since been taxonomically revised) at the genus level [174]. Only a limited number of
taxa were identified to species level, so it is unclear which species account for the abundance
of Kazachstania. However, the authors speculate that it may be a closely related species to

Kazachstania (Arxiozyma) sloofiae, a common intestinal commensal in pigs [452-454].

In this chapter, we employ ITS1 sequencing to characterise the intestinal mycobiota in multiple

spatial regions of the intestine (from duodenum to distal colon) in a cohort of healthy

cynomolgus macaques in long term captivity. We also assess the ability of both C. albicans, a
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common human intestinal commensal and known pathobiont, and Arxiozyma pintolopesii, a
putative commensal of the cynomolgus macaque intestinal tract with potential pathogenicity, to
translocate across an IEC barrier in vitro. Finally, we used a mouse model to assess the ability
of a human-derived clinical isolate of C. albicans to traverse both the intestinal and the blood-

brain barriers and translocate to the brain.
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5.2. Results

5.2.1. Characterisation of the intestinal mycobiome in cynomolgus macaques
The work in this section (5.2.1) is an adaptation of previously published work which | contributed

to and is reproduced here with permission of the co-authors (Appendix — Publications) [4].

Fungal community profiling was conducted on the luminal contents from six distinct intestinal
spatial regions, spanning the duodenum to the distal colon, in a cohort of 16 cynomolgus
macaques (a subset of the cohort described in Chapter 4). The macaques, aged between 4
and 20 years, were categorised into three age groups: young (4-7 years; n = 3), adult (8-12
years; n = 6), and aged (13-20 years; n = 7). All animals included in this analysis were healthy
except for two animals (M1464F and I1153CE), who had high blood glucose levels indicative of
diabetes prior to culling. These animals did not receive specific treatment for diabetes and were
culled within a short time-period following diagnosis. A detailed overview of the samples and
individual animals included in this analysis is provided in Appendix 9. Profiling was achieved
through ITS1 amplicon sequencing, employing a DNA extraction protocol previously optimised
for mycobiome characterisation in preterm human infants as described by James et al. [455].
Over 700 amplicon sequence variants (ASVs) across 56 samples were identified, with 684

classified as fungal and 649 identified to at least Phylum level.

The number of unique taxa present at each taxonomic rank can be seen in Table 5.1. For ASVs
with an average abundance exceeding 0.01% across all samples, we assessed the distribution
of ASVs across the different age groups (Figure 5.1). Out of 127 ASVs identified, 108 (85.0%)

were shared between two or more age groups, and 83 (65.4%) were shared by all age groups.

Table 5. 1. The number of fungal taxa found at each taxonomic rank in the cynomolgus
macaque intestinal tract

Phylum Class Order Family Genus Species

7 26 62 135 227 353

Analysis of the non-filtered dataset at the species level revealed no significant differences in
alpha diversity between age groups within specific regions, measured by Chao1, Inverse
Simpson's index, and Shannon’s index (Appendix 10). However, regional comparisons showed
that Chao1, which measures species richness, was increased in all intestinal regions compared
to the duodenum (p < 0.05) (Figure 5.2A). A summary of the results of the statistical tests is
provided in Appendix 11. In contrast, no significant variation in Inverse Simpson’s or Shannon’s
index, which consider both species richness and evenness, were seen across the different
regions (p > 0.05) (Figure 5.2A).
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Beta diversity at the species level was assessed using an NMDS ordination plot based on Bray-
Curtis community dissimilarities (Figure 5.2B). Statistical analysis indicated samples did not

cluster according to intestinal region or age group.

Taxonomic profiles showing the top 10 most abundant fungal taxa were created at each
taxonomic rank. At the phylum level, 96.9% of ASVs were classified. Of these, Ascomycota
(84.2%) and Basidiomycota (14.7%) represented over 99% of all classified taxa, with only one
ASV classified as Mucoromycota (Figure 5.3A). At class and order levels, Saccharomycetes
(78.5%) and Saccharomycetales (78.5%) were the most abundant taxa respectively (Figure
5.3B-C).

At a family level, Debaryomycetaceae (23.1%) and Saccharomycetaceae (54.4%) accounted
for the majority of taxa (Figure 5.4A) which were represented by Debaryomyces (23.1%) and
Arxiozyma (54.3%) at the genus level (Figure 5.4B), and an unclassified Debaryomyces
species (23.1%) and Arxiozyma pintolopesii (formerly Kazachstania pintolopesii [172]) (54.2%)
at the species level (Figure 5.4C). Both species were found in every macaque regardless of
age. The remaining 0.1% of Arxiozyma species were represented by A. telluris (formerly

Kazachstania telluris).

Further taxonomic investigation of the ITS1 sequence variant belonging to the unclassified
Debaryomyces species, using NCBI BLAST, suggested it belongs to Debaryomyces
prosopodis, D. fabryi, or D. hansenii (synonym Candida famata). The fungal ITS gene
sequence has limited divergence between some closely related species, resulting in an inability
to distinguish them [456, 457]. All three species have identical ITS1 sequences and therefore
cannot be differentiated using this ITS region. D. prosopodis has previously only been isolated
from mesquite trees, making this designation unlikely [458]. D. fabryi and D. hansenii are
closely related species (previously both designated as D. hansenii). The majority of D. fabryi
isolates are from human skin infections, while D. hansenii is widespread in nature and
commonly found in food products including meat and cheese [459]. Due to its prevalence, we
have tentatively designated this Debaryomyces species as D. hansenii and will refer to it as

such, though we acknowledge that this classification may be incorrect.

Candida species are common commensals in the human intestinal tract. In the present cohort
of cynomolgus macaques, the Candida genus accounted for 0.34% of overall relative
abundance. Five species were identified with an overall abundance of >0.01%, of which three
(C. albicans, C. parapsilosis and C. tropicalis) are considered fungal pathobionts in humans.
The remaining species (C. anglica and C. saitoana) are unable to grow above 30°C and were

therefore considered transient species in the intestinal tract. Of the three pathobionts, C.
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parapsilosis was the most abundant species, with 0.19% overall abundance, followed by C.
albicans (0.07%) and C. tropicalis (0.01%) (Figure 5.5).
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Aged

Figure 5.1. Venn diagram of the number of fungal ASVs (with >0.01% overall abundance)
observed in the cynomolgus macaque intestinal tract found in different age groups. Animals were
classified as young (4-7 years), adult (8-12 years), or aged (13-20 years).
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Figure 5.2. Species-level alpha and beta diversity measures of the intestinal mycobiota across
different regions of the intestinal tract in a group of healthy cynomolgus macaques of differing ages.
Alpha diversity was assessed using three metrics: (A) Chao1 index (B) Inverse Simpson’s index (C)
Shannon’s index. The letter “d” above the boxplots indicates statistical significance from the
duodenum (p<0.05). (D) NMDS plot based on Bray-Curtis dissimilarity, showing the clustering of
samples by intestinal region and age group. Animals were classified as young (4-7 years), adult (8-
12 years), or aged (13-20 years).
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Figure 5.3. Relative abundance of the top 10 most abundant fungal taxa in the intestinal mycobiota
at the (A) phylum (B) class and (C) order level across different regions of the intestinal tract in a group
of healthy cynomolgus macaques of differing ages (4-20 years). Within each facet, individual bars
represent samples from different animals, arranged in order of ascending age from left to right.
Animals were classified as young (4-7 years), adult (8-12 years), or aged (13-20 years). Classification
is indicated by the coloured bar at the base of the plot.
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Figure 5.4. Relative abundance of the top 10 most abundant fungal taxa in the intestinal mycobiota
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5.2.2. An in vitro model of fungal infection
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Figure 5.6. A. pintolopesii and C. albicans do not affect IEC barrier integrity in vitro. (A) Mean
TEER measurements recorded during Caco-2/HT-29-MTX cell maintenance and (B) the change
in TEER measurements following inoculation with blank media (Control), A. pintolopesii (Ap), C.
albicans (Ca), or a combination of both yeast species (Ca + Ap). Results depict the measurements
from four independent plates with three technical replicates per treatment group. Error bars depict
mean + SD.

A. pintolopesii has previously been linked to a fatal gastrointestinal infection in mice, raising the
question of whether it may be an intestinal pathobiont, analogous to C. albicans in humans
[460]. In addition, closely related species have been linked to exacerbation of a Heliobacter
suis-associated infection in Mongolian gerbils, as well as a fatal Escherichia coli infection of a
white-handed gibbon [461, 462]. Together, these studies suggest that Arxiozyma species
(formerly known as the Kazachstania telluris species complex) may be opportunistic pathogens

in polymicrobial infections.

Given these associations, we investigated the impact of A. pintolopesii, as well as the human
pathobiont C. albicans, on IEC barrier integrity using an in vitro two-cell culture model. The
effects of each yeast species were examined in isolation as well as in combination, given that
previous reports suggest that closely related Arxiozyma species may be associated with co-
infections [461, 462]. Colonic enterocyte-like Caco-2 and the mucus-secreting goblet cell-like
HT29-MTX IEC lines were grown on the apical side of the porous membrane of a Transwell
insert model consisting of two chambers separated by a porous membrane. Three Transwell
systems per experimental condition were set up on each of four separate plates. To confirm
IEC polarisation and tight junction barrier formation, TEER measurements were taken every 2-
3 days post initial seeding until the IECs formed an intact monolayer (Figure 5.6A). The TEER
values observed here were consistent with those reported previously in a co-culture of Caco-2
and HT29-MTX cells [463]. A. pintolopesii and C. albicans were then introduced to the apical

chamber either in isolation, or in combination, and TEER measurements were taken to assess
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the impact of the yeast on IEC barrier integrity (Figure 5.6B). Control Transwell systems were
inoculated with sterile media only. Post-inoculation, Transwell cultures inoculated with C.
albicans and C. albicans in combination with A. pintolopesii exhibited an average decrease of
392.6 Q/cm? and 219.8 Q/cm?, respectively, in TEER measurements after 24 hours. This

decrease was, however, not significant (p > 0.05).

Control Ca Ap Ca+Ap
1000
NE 500 ? ? zp '.I.
o - °
3 .
0 - S
= ° °
X -500- ) J
-1000 | I 1 | 1 | | 1
N LS N LS N S N O
o o o o
cP({é & cP({é & c,°({é & o°6é &

Figure 5.7. A. pintolopesii and C. albicans do not affect DSS-treated IEC barrier integrity in vitro.
The change in TEER measurements of a co-culture of Caco-2/HT-29-MTX cells prior to and
following inoculation with blank media (Control), A. pintolopesii (Ap), C. albicans (Ca), or a
combination of both yeast species (Ca + Ap). Transwell systems were either untreated (Control)
or treated with DSS (+DSS), which is indicated on the x-axis. Three technical replicates were
performed for each treatment group. Error bars depict mean + SD.

We hypothesised that an inflammatory state may be required to trigger the virulence
mechanisms of the yeast, such as the formation of invasive hyphae in C. albicans. The
experiment was therefore repeated adding 2% (w/v) DSS to half the Transwell systems for each
condition. Although this concentration of DSS has previously been shown to significantly impact
the permeability of Caco-2 monolayers in Transwell systems, we did not observe a decrease
in TEER measurements in response to DSS treatment (Figure 5.7) [464]. DSS-treated
Transwell systems inoculated with C. albicans and C. albicans in combination with A.
pintolopesii exhibited a non-significant average decrease of 103.4 Q/cm? and 116.2 Q/cm?,

respectively, compared to non-DSS-treated controls (p > 0.05).

In addition to TEER measurements, FITC-dextran permeability assays were conducted. Post-
inoculation with fungal cells, no significant changes to the concentration of FITC-dextran were

observed in the apical chamber after 24 hours (Figure 5.8A). In the basal chamber, a significant
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increase in FITC-dextran was observed in non DSS-treated Transwell systems inoculated with
C. albicans in combination with A. pintolopesii (p = 0.0092), and in DSS-treated Transwell
systems inoculated with C. albicans (p = 0.03), confirming that the IEC barrier was
compromised (Figure 5.8B). Non-significant increases in the concentration of FITC-dextran in

the basal media were seen in all other conditions compared to controls (p > 0.05).
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Figure 5.8. Concentration of FITC-Dextran in (A) the apical and (B) the basal compartments of

Transwells inoculated with either blank media (Control), A. pintolopesii (Ap), C. albicans (Ca),

or a combination of both yeast species (Ca + Ap). Transwell systems were either untreated (-

DSS) or treated with DSS (+DSS). 3-5 kDa FITC-Dextran (1 pm/ mL) was added to the apical

compartment of the Transwell inserts 24 hours before inoculation of yeast. Three technical

replicates were performed for each treatment group. Error bars depict mean + SD.
Following completion of the FITC-dextran permeability assay, media from the apical and basal
chamber of each Transwell were collected and assessed for the presence of yeast using OD
measurements (Figure 5.9). In Transwell systems inoculated with one or both yeast species
OD measurements showed a high concentration of yeast only in the apical chamber. OD
measurements of the basal media were comparable to those seen in the controls, confirming
that no yeast were able to pass through the IEC barrier. It was determined that this was due to
the 0.4 uym pore size of the Transwell membrane used in this model, which was too small for

the yeast to pass through.

Confocal microscopy analysis was used to visualise the interactions of yeast with the IEC
barrier (Figure 5.10). C. albicans was seen in both yeast and hyphal forms close to the apical
side of the IECs, in one instance appearing between adjacent IECs, although no hyphae were
observed to be actively invading the IEC layer (Figure 5.11B). A. pintolopesii was similarly
observed on the apical side of the IEC layer, although the cells were observed to be noticeably
higher above the IEC layer than C. albicans, indicating they may be residing in the mucus layer
(Figure 5.11A). Blue puncta reminiscent of bacterial morphology were observed in the basal
media, indicating the possible presence of a low level of bacterial contamination of the cell

culture medium (data not shown).
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We attempted to repeat the assay with Transwell systems containing a permeable membrane
with a larger pore size (8 um), which would allow yeast to transmigrate through the IEC layer.

Attempts to grow a confluent cell layer were, however, unsuccessful (data not shown).
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Figure 5.9. Optical density readings of media from the apical and basal compartments of
Transwell systems after 72 hours of subculture. Transwells were inoculated with either blank
media (Control), A. pintolopesii (Ap), C. albicans (Ca), or a combination of both yeast species
(Ca + Ap). Systems were either untreated (-DSS) or treated with DSS (+DSS). ‘Blank’ Transwells
refer to inserts without IECs. Three technical replicates were performed for each treatment group.

Error bars depict mean £ SD.
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Figure 5.10. Representative images of IECs grown on Transwell inserts following 24-hour
inoculation with either blank media (Control), A. pintolopesii, C. albicans, or a combination of both
yeast species. Transwell systems were either (A & B) untreated (Non-Treated) or (C & D) treated
with DSS (DSS-Treated). Images were captured either at the plane of the IECs (A & C) or at the
yeast level (B & D). In all images, yellow indicates yeast, purple indicates Phalloidin staining, and
blue represents nuclei (Hoechst). Scale bar = 20 ym. Images were taken by Dr Emily Jones and
appear here with permission.
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Figure 5.11. Representative z-stack images of IECs grown on DSS-treated Transwell inserts
following 24-hour inoculation with (A) A. pintolopesii or (B) C. albicans. Main image panels depict
merged XY images, side panels depict XZ and YZ z-plane orthogonal views. In all images, yellow
indicates yeast, purple indicates Phalloidin staining, and blue represents nuclei (Hoechst). Images
were taken by Dr Emily Jones and appear here with permission.
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5.2.3. Fungal gut to brain translocation of the human pathobiont C. albicans
in GF mice

The work in this and the following section (5.2.3 & 5.2.4) is an adaptation of previously
published work to which | contributed and is reproduced here with permission of the co-authors

(Appendix — Publications) [3].

To assess whether fungal cells can traverse both the intestinal IECs and BBB in vivo, we
administered a human clinical isolate of C. albicans (NCYC 3115) by oral gavage to two groups
of GF adult C57BL/6 mice at doses of either 2.5 x 10° (low dose, LD) or 5 x 10° (high dose,
HD) cells. A third group received an inoculum of 2.5 x 10 cells via tail vein injection, a dose
previously shown to result in non-lethal fungal translocation to the brain [465]. Control mice

were administered PBS alone by oral gavage.

Both intravenous and oral delivery methods led to colonisation of the murine intestinal tract, as
shown by CFU counts recovered from caecal contents collected five days after administration
(Figure 5.12A). Caecal CFU counts in LD mice ranged from 1 x 10°to 1 x 10’ CFU, and 6.2 x
10° to 2.2 x 10" CFU in HD mice. Mice that received C. albicans intravenously had caecal CFU
counts ranging from 8 x 10° to 3 x 10°. No fungal colonies were recovered from control mice
receiving PBS only. Standard colony PCR was performed to confirm species identity of colonies

with C. albicans-specific primers [272].

To test whether depletion of the intestinal bacterial community was necessary for expansion of
C. albicans in the intestinal tract, SPF mice were treated with a short course of broad-spectrum
antibiotics prior to delivery of C. albicans at a dose of 5 x 10° cells (SPF + Abx). A second group
of SPF mice were administered PBS alone in place of antibiotic treatment, prior to
administration of the same dose of C. albicans cells as SPF + Abx mice (SPF + PBS). Caecal
CFU counts in SPF + Abx mice were increased compared to SPF + PBS mice but were at much

lower levels compared to LD or HD mice (Figure 5.12B).

Two distinct C. albicans morphotypes were retrieved from the caecal contents: a white, domed
morphotype resembling the wild-type cells prior to passage, and a darker, flatter morphotype
resembling the previously described Gastrointestinally indUced Transition (GUT) phenotype,
which is associated with commensalism [466] (Figures 5.12C-F). Unlike wild-type cultures, cells
resembling the GUT phenotype did not produce hyphae, on either solid or in liquid media, when
grown at 37°C. Approximately 66% colonies recovered from the mouse caecal content

resembled the GUT phenotype.

Five days post-inoculation, GF mice were sacrificed, and brain tissue was collected for analysis.

Immunostaining of the brain tissue with an anti-C. albicans antibody revealed that C. albicans
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Figure 5.12. Colonisation of the mouse caecum by C. albicans NCYC 3115. (A) CFU recovered
from caecal content following delivery of C. albicans NCYC 3115 to germ-free mice (GF) or (B)
specific pathogen free (SPF) mice. No colonies were present in the caecal content of germ-free
control mice administered PBS alone (GF ctrl). TV = tail vein, OG = oral gavage. Numbers on
x-axis labels denote amount of C. albicans cells administered, error bars denote 95% CI. (C)
Example YM agar plate with zoom inset showing two phenotypically distinct C. albicans colony
morphotypes recovered from caecal contents. White and domed morphotype and darker and
flattened/GUT morphotype (red crosshairs). (D-F) Photomicrographs of pre-passage wild type
cells (D), post-passage white phenotype cells (E), and post-passage darker/GUT phenotype
cells (F), all grown at 37°C for 3 days in YM broth. This figure also appeared in Parker, James
et al. (2022) and is reproduced with permission.
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Figure 5.13. C. albicans can disseminate from the intestinal tract to the brain and can grow in invasive
hyphal form within brain tissue. In all images, blue = nuclei (Hoechst), green = C. albicans, red =
Iba1* microglia/macrophages. Green area in inset brain schematic indicates approximate position of
image. (A) C. albicans cells are detectable within cerebellar brain tissue at 5 days post-colonisation.
Z-stack orthogonal view (side bar and arrows) shows C. albicans cells are in the same plane as brain
cell nuclei. Orthogonal side bar brightness and contrast has been enhanced here for visibility. (B) C.
albicans cells in proximity to a hypothalamic blood vessel (dashed outline). (C) C. albicans cells and
Iba1* macrophages within the cerebral aqueduct (lobule Il granule layer visible as dense Hoechst-
stained area bottom right of image). (D) Foci of clustered Iba1* cells (red) around C. albicans cells
(green) within the posterior parietal association area of the cortex. Inset box shows overview tile scan
of the cortex and hippocampus. (E) Cluster of Iba1* cells around C. albicans cells within the midbrain
(F) Entwined hyphal C. albicans hyphae within the hypothalamus. This figure also appeared in Parker,
James et al. (2022) and is reproduced with permission.
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cells were present in the brain of LD and HD mice (Figure 5.13A-F). Both individual cells and
clusters of cells were found throughout the brain, in the ventricular spaces, cerebellum,
hypothalamus, midbrain, and cortex. These were confirmed to be in the plane of the brain tissue
through z-stack imaging (Figure 5.13A). C. albicans cells and cell clusters were frequently
found in or adjacent to blood vessels (Figure 5.13B), and within the ventricular spaces,
including the cerebral aqueduct (Figure 5.13C). Fungal cells were also frequently surrounded
by Iba1* cells resembling both resident microglia and infiltrating macrophages, indicating a
localised inflammatory response (Figure 5.13E). In one mouse, granuloma-like clusters of yeast
and Iba1™ cells were observed in the posterior parietal cortex, a brain region crucial for spatial
awareness and orientation (Figure 5.13D). In one instance a hyphal formation was also
observed. The yeast to hyphal morphological transition is linked to virulence and pathogenicity
in C. albicans, suggesting the cells are viable and capable of actively invading the brain tissue
(Figure 5.13F) [443]. No fungal cells or Iba1” cell clusters were observed in PBS-administered
control mice, or SPF + PBS and SPF + Abx mice, either by staining specifically for C. albicans
or by using a non-specific fungal cell wall stain (example staining of a positive control shown in
Appendix 12).

Visualisation of fungal cells in 5 um sections was infrequent in LD and HD mice, with fungal
cells not always observed in each section. The frequency of fungal cells in the brain was
therefore manually quantified in five sequential midline sagittal 100 um whole-brain sections
taken from a second cohort of HD mice (n = 5) (Figure 5.14). The average number of cells
observed per section per individual was between 2.8 and 7.2 cells, with an average of 4.6 cells
per section observed across the cohort. This suggests that while C. albicans was capable of
translocating from the intestinal lumen to the brain across the cohort, the frequency of this

occurrence varied between individuals.
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Figure 5.14. Quantification of C. albicans cells detected in 100 ym vibratome whole-brain
sequential sections, shown as cells per whole 100 ym section. Five midline sagittal sections were
taken per brain hemisphere per mouse (n = 5). Each mouse (OG50_1-5) was administered 5 x
10° C. albicans cells by oral gavage. This figure also appeared in Parker, James et al. (2022) and
is reproduced with permission.
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5.2.4. Characterisation of the faecal mycobiome in young vs aged SPF mice

ITS1-based fungal community profiling was performed on faecal samples collected from young
(3-month) and aged (24-month) SPF mice. The dominant taxa at the phylum level were
Ascomycota and Basidiomycota, with Basidiomycota being the most abundant in both age

groups.

The taxonomic profiles of genera with an overall relative abundance greater than 1%
(representing over 80% of all ITS1 reads) were similar between age groups, with no significant
differences in mean relative abundance observed (Figure 5.15A) (Table 5.2). Vishniacozyma
was the most abundant taxa at genus level. Although the reduction was not statistically
significant, Candida and Holtermanniella were, on average, about half as abundant in aged
mice compared to young mice (Table 5.2). Genus-level alpha diversity was also assessed in

each age group, with no significant differences observed between them (Figure 5.15B).

Table 5. 2. The mean relative abundance of the most abundant fungal genera in faecal
samples from young and aged SPF mice.

Mean rel. abundance T-test (CLR)
Genus Phylum

Young Aged P value
Vishniacozyma Basidiomycota 52.15% 53.12% 0.66469
Alternaria Ascomycota 10.16% 12.11% 0.27966
Sporobolomyces Basidiomycota 7.28% 6.09% 0.72700
Candida Ascomycota 4.76% 2.35% 0.99092
Holtermanniella Basidiomycota 3.20% 1.84% 0.20797
Cladosporium Ascomycota 2.37% 2.14% 0.47865
Wallemia Basidiomycota 1.69% 1.78% 0.07468
Aspergillus Ascomycota 1.43% 1.83% 0.42524
Davidiella Ascomycota 1.38% 1.18% 0.38557
Fusarium Ascomycota 1.09% 1.02% 0.91780

Among the taxa resolved to the species level, only six were identified as candidate intestinal
commensals based on their ability to survive and proliferate at 37°C (Figure 5.16A). These
species were Aspergillus aflatoxiformans, Aspergillus chevalieri, C. albicans, C. parapsilosis,
A. pintolopesii, and Saccharomyces cerevisiae. Of these, C. albicans was the most prevalent
and abundant species. Although its abundance decreased in aged mice, this reduction was not
statistically significant (Figure 5.16B). A. pintolopesii was detected in only one young and one

aged mouse, with a relative abundance of approximately 1% in each case.
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Figure 5.15. Faecal fungal diversity and top ten genera in aged vs. young SPF mice. (A) Top ten
most abundant genera (percentage mean relative abundance) in faecal samples of young vs. aged
SPF mice (n = 10/group). (B) Alpha diversity (L-R: Chao1, Shannon, and Simpson indices) of faecal
fungal composition of young vs. aged SPF mice (n = 10/group), whiskers show spread of data across
all mice, solid black dot indicates the mean, horizontal line indicates the median. Dr Aimée Parker
and Dr Steve James carried out this work. This figure also appeared in Parker, James et al. (2022)

and is reproduced with permission.
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Figure 5.16. Prevalence and relative abundance of putative intestinal commensal fungal species in
faecal samples of young vs. aged SPF mice. (A) Prevalence of putative gut commensal fungal
species Candida albicans, Candida parapsilosis, Aspergillus chevalieri, Aspergillus aflatoxiformans,
Saccharomyces cerevisiae, and Kazachstania pintolopesii (subsequently renamed Arxiozyma
pintolopesii) in faecal samples from groups of young and aged SPF mice (n = 10/group), percentage
of mice harbouring each species displayed as % prevalence. (B) Percentage relative abundance of
those same species in faecal samples from aged (A) vs. young (Y) mice (n = 10/group), Tukey
whiskers, horizontal bars show the mean, outliers displayed as round points. Dr Aimée Parker and
Dr Steve James carried out this work. This figure also appeared in Parker, James ef al. (2022) and
is reproduced with permission.
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5.3. Discussion

5.3.1. Characterisation of the cynomolgus macaque intestinal mycobiota
revealed a high abundance of a potential pathobiont

Here, taxonomic profiling of the cynomolgus macaque intestinal mycobiome revealed that it is
almost exclusively populated by fungi of the Ascomycota and Basidiomycota phyla, with
Ascomycota dominating in all sampled regions. This aligns with findings in both wild and captive

cynomolgus macaques, as well as the human intestinal mycobiota [168, 174].

Species richness, measured by the Chao1 index, was broadly similar across all intestinal
regions except for the duodenum, in which richness was significantly decreased compared to
all other regions. However, the results of both Inverse Simpson’s and Shannon’s index, which
take into account both species richness and evenness, were consistent across regions. The
discrepancy between these indices and Chao1 suggests that while the duodenum harbours the
lowest number of species among the intestinal regions examined, the evenness of species
distribution of both the most common species (Simpson) and the rarest species (Shannon)

remains relatively consistent throughout the intestine [467].

No significant associations were seen between age and fungal alpha or beta diversity in this
cohort of cynomolgus macaques. It should be noted that the small cohort size, along with
unequal group sizes when assessing both age and intestinal region, may impact the reliability

of the statistical tests in detecting any true biological differences.

At genus level, Debaryomyces and Arxiozyma were the most abundant taxa in the intestinal
mycobiota of the present cohort. This differs from reports in humans, where Saccharomyces,
Malassezia, Candida, and Aspergillus are among the most abundant genera, although
proportionality varies according to geographical location [168, 170]. In comparison to
Arxiozyma, Debaryomyces represents a smaller proportion of genera, although on average it
still represents nearly a quarter of total abundance. At species level, the Debaryomyces taxon
was, given the limitations of ITS1 sequencing to resolve taxa at species level, tentatively
identified as D. hansenii. D. hansenii is a species widely distributed in nature and a common
food-borne dairy-associated yeast that appears to be a prevalent commensal in the human
intestinal tract [168, 455, 468, 469]. In some studies, D. hansenii is associated with IBD and
colorectal cancer [470-472]. However, as it can typically only grow in temperatures up to 35°C,
lower than the core body temperature of cynomolgus macaques (37-39°C), we question
whether it can be considered a true intestinal commensal [473, 474]. Some strains of D.
hansenii also appear to be capable of producing myocins that kill C. albicans, although not all

at physiologically relevant temperatures [475, 476]. Although we do not attempt to link its
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abundance to the relative scarcity of C. albicans here, it may be interesting to explore their

relationship in the intestinal mycobiota in future studies.

Arxiozyma was the most abundant taxa at genus level, totalling greater than 50% average
abundance over all samples surveyed, and exceeding 90% in some samples. This is almost
entirely attributable to A. pintolopesii, with A. telluris contributing less than 0.1% total
abundance. Arxiozyma was recently reclassified as distinct from the genus Kazachstania,
which was previously found to be the most abundant genus in both captive and wild
cynomolgus macaques [174]. Arxiozyma comprises a clade of five thermotolerant yeast
species (A. telluris, A. bovina, A. heterogenica, A. pintolopesii, and A. slooffiae), which are
phylogenetically distinct from other genera within Saccharomycetaceae [172, 477]. They are
characterised by their ability to grow at 37°C, with some strains of A. pintolopesii capable of
surviving at temperatures as high as 42°C, a rare physiological trait in yeasts [477]. To date,
most Arxiozyma strains have been isolated from the nasal passages and intestinal tracts of
birds and mammals [452, 460, 477-479]. Only one species, A. heterogenica, has been
previously identified in NHPs, having been implicated as a co-infectious agent in a fatal E. coli
infection of a white-handed gibbon [462]. Prior to this study, A. pintolopesii has mainly been
isolated from the intestinal tract of wild and captive mice [460, 477, 478]. However, it's
prevalence and abundance in the present macaque cohort, in addition to its ability to grow at

and above 37°C, suggests it may also represent a commensal in the NHP intestinal tract.

Having identified A. pintolopesii as a potential commensal organism, we sought to determine
its role within the intestinal microbiome. A close relative, A. slooffiae, also a member of the
Arxiozyma complex, is the predominant fungal species in the porcine intestinal tract post-
weaning and persists through adulthood [452-454]. A. slooffiae is believed to play a beneficial
role in piglet weaning, growth and development, showing a strong positive association with
beneficial, health-promoting bacterial species like Lactobacillus and, before its reclassification
(discussed in detail in Chapter 4), Prevotella, both of which have been linked to improved health
outcomes in piglets [452, 454, 480, 481].

C. albicans has also been positively associated with these two bacterial species in pigs [452,
480]. However, compared to Arxiozyma, the presence of Candida species in the current dataset
was extremely limited. Three of the Candida species identified, C. albicans, C. tropicalis, and
C. parapsilosis, are well-known human-associated pathobionts. The genetic similarity of
Candida and Arxiozyma, along with the dominance of A. sloofiae and the paucity of Candida
species has led to the suggestion that the role of Arxiozyma species in the porcine intestinal
microbiota is analogous to that of Candida in humans [452, 460]. This parallel extends to the
present study, with A. pintolopesii in place of A. sloofiae representing the dominant fungus in
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the intestinal mycobiota of cynomolgus macaques. However, reports linking Arxiozyma species
to the exacerbation of bacterial infections in both rodents and NHPs also raise the question of
whether A. pintolopesii can act as an opportunistic pathogen (pathobiont), as certain Candida
species are known to be in humans [460-462]. Unlike C. albicans, however, A. pintolopesii
appears to incapable of producing hyphae, a key virulence factor of C. albicans [460]. The

potential virulence factors of A. pintolopesii, therefore, remain unclear.

As highlighted by our tentative designation of D. hansenii, one of the main limitations of the
taxonomic survey of the cynomolgus macaque intestinal mycobiome is the reliance on ITS1
sequences as a DNA barcode for fungal taxonomic classification. The ITS region is well-
represented in fungal databases, while fungal genome sequences are relatively scarce in
comparison to bacterial genome sequences, making this method of taxonomic characterisation
preferable to WGS methods due to the higher diversity of available references [482]. However,
the ability to distinguish closely related species with limited divergence in their ITS region, which
can be similar to the intragenomic variation within some species, remains limited [456, 457]. To
circumvent this issue, the inclusion of a secondary barcode marker to improve the taxonomic
resolution of ITS could be adopted in future studies [482]. As sequencing technologies improve
and costs reduce, increased fungal genome sequencing may also result in more widespread
adoption of WGS methods for characterising the diversity of the mycobiome in the future,

thereby improving taxonomic resolution [457].

5.3.2. A. pintolopesii does not appear to effect IEC integrity in vitro

To assess the virulence of A. pintolopesiiin the intestinal tract, we evaluated its effect on human
intestine-derived IECs in an in vitro two-cell culture model. As the presumed virulence of A.
pintolopesii has previously been linked to polymicrobial infections, we also inoculated Transwell
systems concurrently with C. albicans. For comparison, we also inoculated the system with C.
albicans alone. TEER measurements of Transwell model systems inoculated with A.
pintolopesii, C. albicans, and both species in combination revealed no significant decrease in
TEER values.

We hypothesised that to trigger the pathogenicity of the yeast species, an inflammatory
environment may be required. We therefore repeated the assay, incubating half of the Transwell
models with 2% (w/v) DSS for 24 hours prior to addition of yeast. However, no significant
decrease in TEER measurements was seen post-addition of DSS that would indicate any
change to the integrity of the IEC barrier, regardless of inoculation with C. albicans and/or A.
pintolopesii. This indicates that the concentration of DSS may not have been sufficient for the
induction of inflammation in co-cultured Caco-2/HT-29 cells, despite falling within the range (1-
5%) often used to elicit inflammation and mucosal damage in mouse models of colitis in vivo
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[483]. In the FITC-dextran assay, an increase in FITC-dextran in the basal chamber was
observed in non-DSS-treated Transwell systems inoculated with both yeast species, and in
DSS-treated Transwell systems inoculated with C. albicans alone. As addition of DSS alone did
not affect barrier integrity, this suggests that the addition of C. albicans, whether alone or with
A. pintolopesii, may impact IEC barrier integrity in vitro, leading to increased epithelial
permeability and enhanced translocation of FITC-dextran across the chambers. C. albicans,

however, appears to be the primary driver of this effect.

A link between C. albicans and compromised IEC integrity aligns with previous findings [484-
486]. Here the effect of C. albicans on the IEC barrier appears to be relatively small, however,
and not all measurements reach significance. These inconsistencies may be accounted for by
our use of a Transwell system that utilises a membrane with a small pore size. As hyphae
formation and translocation of C. albicans has previously been found to be key for epithelial
damage and loss of epithelial integrity, the Transwell membrane’s small pore size likely
prevented the disturbance of the IEC barrier that would otherwise be caused by translocation
of C. albicans cells [484]. Hyphal invasion is thought to create an ‘invasion pocket’, an
invagination of the epithelial cell membrane that allows an accumulation of candidalysin, a toxin
produced by C. albicans that helps mediate epithelial cell damage and fungal translocation
[196, 484]. In the present study, release of candidalysin or the formation of invasion pockets
may contribute to the compromising of the IEC barrier, resulting in increased translocation of
FITC-dextran from the apical to the basal chamber. However, while C. albicans hyphae may
have been able to partially penetrate the IEC barrier, full translocation from the apical to the
basal chamber would have been prevented by the presence of a non-traversable membrane,
thought to be required for full damage potential. C. albicans cells measure approximately 5-6
um in their yeast form, although hyphae can extend to over 100 uym in length, while spherical
A. pintolopesii cells have been reported to measure 2.1-6 ym in diameter [460, 487]. Although
we attempted to repeat the experiment with a Transwell system with an 8 ym pore size, which
would allow us to investigate the ability of both yeast species to translocate through the IEC
barrier, attempts to grow the Caco2/HT-29-MTX to confluence within the available timeframe

were unsuccessful.

Immunostaining revealed that the spatial distribution of C. albicans cells was close to the IEC
barrier. In comparison, A. pintolopesii cells appeared to be present at a greater distance from
the IEC layer, suggesting that A. pintolopesii may have been confined to the mucus layer
produced by HT-29-MTX cells, although staining for the mucus layer would be required to
confirm this. This close presence of C. albicans to the IEC layer could be attributed to C.

albicans' ability to adhere to and degrade the mucus layer using mucinolytic enzymes. Once
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C. albicans penetrates the mucus layer, it can adhere to IECs and initiate mechanisms for
invasion, including a switch to the hyphal form and the release of candidalysin [488, 489]. These
findings imply that A. pintolopesii may lack similar mucinolytic enzymes, although a full genome
annotation for this species has not yet been completed. However, we have recently published
the first draft genome sequence for a primate isolate of A. pintolopesii (Appendix - Publications)
[490]. Future research should focus on completing a full genome annotation to further explore
the potential pathogenic traits of this yeast species. Immunostaining also revealed the presence
of possible bacterial contamination in all Transwells used for immunostaining, which may have
had unknown effects on the integrity of the IEC barrier in addition to the presence or absence
of fungi. The experiment would benefit from being replicated to remove the potential effects of

bacterial contamination.

A limitation of our experiment was the use of human cell lines, which may not allow for the
replication of species-specific interactions between A. pintolopesii, a hypothesised NHP
intestinal commensal, and the NHP intestinal tract. An in vitro system also offers limited
complexity compared to an in vivo system and does not resemble physiological tissue
organisation or the full complexity of the intestinal microbiota. Despite these limitations, our
experiment shows that while C. albicans may be able to affect IEC integrity in vivo, both with
and without A. pintolopesii, no similar indications were found that A. pintolopesii was capable
of the same. While this may be a result of the spatial restriction of A. pintolopesii to the mucosal
layer, it is also possible that A. pintolopesii requires a different microbial consortium to initiate
an opportunistic infection. In previous co-microbial infections involving Arxiozyma species, the
corresponding co-infection has been bacterial [461, 462]. Replicating the experiment with a
bacterium previously associated with A. pintolopesii co-infection may offer insights into the
pathogenicity of A. pintolopesii. Additionally, although we did not see an effect of A. pintolopesii
on |EC integrity, previous work has shown that lysates of A. pintolopesii isolated from a mouse
model of sepsis induce enhanced cytokine production by Caco-2 cells in vitro, warranting
further investigation of the potential immunogenic effects of A. pintolopesii on IECs [491]. As
the addition of DSS did not have a noticeable effect on IEC barrier integrity, future work should
also include optimisation of DSS concentration and incubation times on Caco-2/HT-29-MTX

co-cultures.

To explore the interactions of A. pintolopesii within the context of the microbiota-gut-brain axis,
we initially planned to use the A172 glioblastoma cell line on a cover slip placed in the basal
chamber of Transwells with an 8 um pore-size membrane. This setup would allow us to observe
yeast interactions with the glioblastoma cells in the event they traverse the IEC barrier, and

could be incorporated into future work.
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5.3.3. Translocation of C. albicans from the intestine to the brain in GF, but
not SPF, mice

Fungal cells, including C. albicans, have previously been found in the brains of AD patients
[183-185]. We hypothesised that the presence of these fungi may arise due to dissemination
from the intestinal mycobiota, raising the question of whether pathobionts such as C. albicans

are capable of crossing multiple barrier sites to translocate from the intestinal tract to the brain.

We demonstrated in GF C57BL/6 mice that a human clinical isolate of C. albicans can traverse
both the intestinal and blood-brain barriers. We also observed an inflammatory response
characterised by Iba1™ cells surrounding invading fungal cells, consistent with previous studies
of mouse models of candidiasis [465, 492]. Hyphal projection in the brain tissue showed that
the fungus maintained its invasive state in the brain in at least one instance, which has not
been observed previously. Whether this could be a result of the use of alternate C. albicans

strains, or the differences between GF and SPF mice is unknown.

Wild-type C. albicans switched to a GUT phenotype post-passage through the murine intestinal
tract, which is reported to be a commensal cell type. The GUT phenotype is incapable of hyphal
growth at body temperature, suggesting attenuation of C. albicans’ invasive ability, whereas
the wild-type phenotype retains this capability. Thus, continual exposure to the intestinal tract
may be required to maintain the GUT phenotype, which explains the presence of both the wild-
type and GUT phenotypes post-passage reported here [466]. This suggests that for C. albicans
to exhibit pathogenicity in the host, switching to the wild-type phenotype might be required. The
trigger and conditions required for this phenotypic switch should be the subject of further

investigation.

Administration of C. albicans to SPF mice treated with a short course of antibiotics results in
an expansion of C. albicans in the intestinal microbiota, however, we did not visualise any
fungal cells in the brains of these mice. This may be due to differences in immune responses,
epithelial and/or endothelial barrier integrity, and intestinal mucus layer composition in SPF
versus GF mice, effecting hyphal formation and persistence of C. albicans, as all are influenced
by intestinal microbiota composition [230, 493-496]. It may also be related to length of antibiotic
exposure. A previous study has shown that chronic antibiotic exposure in mice (>4 weeks) with
a systemic C. albicans infection results in bacterial dissemination to other organs. In humans,
antibiotic exposure for >7 days greatly increases the risk of invasive candidiasis [497]. The
mice in our study were only exposed to antibiotic treatment for 4 days, which may be too short
a timeframe to find evidence of fungal dissemination. Additionally, the presence of other fungal
species in the intestinal tract may inhibit C. albicans' ability to invade. Toxins produced by
several fungal species, including D. hansenii, have broad activity against a variety of
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pathogenic fungi at 37°C in vitro, including C. albicans [476]. Although D. hansenii was
undetectable in the mycobiota of these mice, it is possible that other fungi may similarly restrict
C. albicans virulence. It is also important to note that C. albicans is not a natural coloniser of
the murine intestinal tract, and specific host-species interactions may exist which provide

resistance to fungal infection by this species [498].

5.3.4. The murine intestinal mycobiome is stable over time
A potential trigger for the translocation of microbes from the intestinal tract to the brain is
intestinal microbial dysbiosis which can occur with age. We therefore investigated alterations

to the composition of the intestinal mycobiota with age in SPF mice.

In comparison to the dominance of Ascomycota in cynomolgus macaques and humans,
discussed above, our findings suggest that while both dominate in SPF mice, the most
abundant phylum is Basidiomycota. This may not be the same in all mouse strains, as a
previous study of a strain of mice generated by inter-crossing MRL/MpJ, NZM2410/J,
BXD2/TyJ, and Cast/EiJ mice found that Ascomycota comprised >90% taxa in mice fed
according to multiple dietary patterns [499].

In the present study, the most abundant genus in the murine faecal microbiota was
Vishniacozyma with a small proportion of Candida. C. albicans, C. parapsilosis, and A.
pintolopesii, all known murine pathobionts, were found within the cohort, although no significant
change in their abundance was observed between age groups. No evidence of significant
fungal dysbiosis was observed to occur with age, suggesting that, in mice, ageing alone is
unlikely to be a trigger for microbial dissemination from the intestine. However, this does not
exclude the possibility that other triggers, such as changes in diet, medications, infection status,
or immune status, may result in changes that permit fungal translocation from the intestinal

tract to the brain.

5.3.5. Health status of NHPs

In humans, the composition of the faecal mycobiome is altered in those with type Il diabetes
compared to healthy controls [500-502]. Two aged cynomolgus macaques within this cohort
had high blood sugar levels, indicative of diabetes, which may impact on the composition of the
intestinal mycobiota. However, this analysis did not reveal evidence of a distinct microbiota

composition in these animals compared to healthy animals.

5.4. Conclusions
Our study enhances the basic knowledge of the cynomolgus macaque mycobiome and
contributes to the understanding of potential mechanisms of pathogenicity by NHP and human

fungal pathobionts. The key finding is that the dominant fungal species in captive-bred, healthy
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cynomolgus macaques is A. pintolopesii, a putative intestinal commensal and potential
pathobiont, although we found no evidence of pathogenicity by this species in an in vitro model
of IEC barrier disruption. We did however show the major human fungal pathobiont C. albicans
is able to cross multiple barrier sites and translocate from the intestinal lumen to the brain in
GF mice, inducing cerebral inflammation. Our finding that Candida pathobionts did not
constitute a significant proportion of the intestinal mycobiome in cynomolgus macaques
highlights that while the cynomolgus macaque may be a genetically and physiologically
relevant animal model for humans, there are species-specific differences in the composition of

the microbiota with implications for host health and disease development.
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6.0. Chapter 6: The ageing brain

6.1. Introduction

To understand how ageing contributes to the development of neurodegenerative disease, it is
important to first characterise normal age-related brain pathology in the absence of disease.
This is challenging in humans due to the scarcity of relevant samples, making well
characterised animal models essential. The use of macaques in brain ageing research has
been said to be indispensable, however, current literature suggests that research has primarily
been carried out in rhesus macaques [50]. A comprehensive survey of normal age-related brain
pathology in cynomolgus macaques throughout the lifespan has, to my knowledge, not been
attempted. This is crucial if they are to be used to help characterise how age-related changes
may affect the microbiota-gut-brain axis, and how this might contribute to neurodegenerative

disease.

The study of age-related brain pathology in cynomolgus macaques could provide valuable
insights into various physiological changes that contribute to brain ageing. This includes brain
iron accumulation, which is a significant feature of ageing and is potentially linked to
neurodegenerative disease [503, 504]. Iron is essential for many physiological processes in the
brain, including myelin synthesis, neurotransmitter synthesis, and metabolism [503]. In the CNS
iron is largely stored by ferritin, an iron storage protein composed of both light chain (FTL) and
heavy chain (FTH) subunits, as well as other molecular storage forms (including neuromelanin,
haemosiderin, and transferrin) [505]. Ageing is accompanied by accumulation of iron in specific
regions of the brain, most notably in the SN [506-508]. Why iron levels heterogeneously
increase in the brain with age is unknown but could be related to increased BBB permeability
and inflammation, redistribution of iron between different molecular storage forms, and changes

in iron homeostasis [503].

During ageing, histopathological findings in the brain of NHPs and humans commonly include
lipofuscin, haemosiderin, neuromelanin [507-512]. Haemosiderin and neuromelanin are both
iron storage molecules which are associated with iron accumulation in the ageing brain [507,
508]. Neuromelanin is a metabolic by-product found in catecholamine-producing neurons,
including dopaminergic neurons, which chelates potentially damaging redox-active metals such
as iron [513]. Neuromelanin accumulates with age in humans and some NHP species [507,
509]. The abundance of dopaminergic neurons in the SN, a region heavily affected in PD, has
led to speculation about the role of neuromelanin in neurodegeneration [513, 514]. Notably,
rodents produce no or very small amounts of neuromelanin, indicating that mechanisms of iron

homeostasis in the brains of these commonly used animal models differ from primates [513,
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515]. This positions NHPs, including cynomolgus macaques, as valuable models of iron

homeostasis in the brain and ageing.

Haemosiderin deposition is a common finding in the brains of ageing humans and mammals,
although, to my knowledge, its presence has previously not been characterised in ageing
cynomolgus macaques [509-512, 516, 517]. It is hypothesised that haemosiderin accumulates
as a result of cerebral microbleeds and that brain-resident macrophages phagocytose
extravasated erythrocytes, becoming overloaded with iron, which is stored as haemosiderin
[518-521]. This hypothesis is supported by findings that link the presence of perivascular
macrophages to haemosiderin deposition in a study of elderly humans [511]. Cerebral
microbleeds might occur as a result of age-associated disruption to the BBB, which in turn is
associated with sustained systemic low-grade inflammation, as occurs in inflammageing [225,
522, 523]. An alternative theory links the presence of haemosiderin to indicators of small vessel
ischaemia, such as microinfarcts and arteriosclerosis, and ischaemic stroke [511, 524]. It is
hypothesised that ischaemic damage to the brain tissue causes the release of iron from ferritin-
containing cells, which is then engulfed by phagocytic cells and stored as haemosiderin due to

a reduced number of healthy, ferritin-containing, brain cells.

Iron and ferritin accumulation in the brain has also been associated with increased occurrence
of both activated and dystrophic microglial cells, the resident immune cells of the brain [206,
525]. Compared to resting microglia, dystrophic microglia are characterised by an altered,
dystrophic, morphology and express increased numbers of activation markers, including APCs,
and pro-inflammatory cytokines [203, 212]. Previous work in mice, NHPs, and humans has
indicated that activated and dystrophic microglia are present under normal ageing conditions
[205, 206, 526-532]. Persistent microglial activation can have major implications for the
development of neuronal dysfunction and degeneration and underlies the pathology of several

neurodegenerative diseases [533].

Here, | have undertaken the characterisation of age-related pathology in the cynomolgus
macaque by describing gross histopathology in young (0-5 years) versus ageing (13-20 years)
animals in specific brain regions, including the midbrain, SN, hippocampus, and the cerebellum.
| have also evaluated the relationship between age, iron accumulation, and microglial activation
in these two cohorts. These findings provide a basis for characterisation of age-related
pathology in the cynomolgus macaque brain, benefiting any future studies assessing the impact

of age on the microbiota-gut-brain axis in this animal model.
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6.1. Results

6.1.1. Histopathologic findings in the brains of ageing cynomolgus macaques

To assess the impact of age on accumulation of age-associated brain pathology and microglial
activation in cynomolgus macaques, brain tissue samples were collected from a subset of the
cohort of cynomolgus macaques described in Section 2.1.1. The animals included within this
analysis were defined as young (0-5 years; n=3) or aged (13-20 years; n=13). Within this cohort
of cynomolgus macaques, prior to being culled, one young animal experienced recurrent
diarrhoea, while two aged animals had high blood sugar, indicative of diabetes. All other

animals were healthy.

| focused my analysis on a specific brain subsection containing areas of the hippocampus, the
midbrain (containing the SN), the cerebellum, and the pons (Figure 6.1). The location of the SN
within the midbrain was confirmed by identifying dense regions of dopaminergic neurones using
an anti-TH antibody and DAB staining (Figure 6.2). The main subdivisions of the macaque
hippocampal formation are indicated in a representative H&E-stained section shown in Figure
6.3. Subdivisions were labelled according to those previously described by Kondo et al. [534]
in the macaque hippocampus, with the exception of the cornu ammonis (CA) 3 subregion,
which was further divided into CA2/3 and CA4, as described by Bachstetter et al. [535].

In the present study, brain sections from young (n=3) and aged (n=13) cynomolgus macaques
were stained with H&E to check for the presence of age-related pathology, which is summarised
in Table 6.1. No pathology reminiscent of AD or PD was observed, including neuron loss, Lewy
bodies, or plaques, in macaques of either age group. Neuromelanin, a dark brown pigment
comprising of melanin, lipid, and protein, was observed within neurons of the SN in aged
macaques but was absent in the young cohort (Figure 6.4A). Perivascular and/or neuropil
haemosiderin, appearing as a dark brown pigment, was observed in the SN in 77% of aged
animals, but not in young animals (Figure 6.4A). Neuropil and perivascular haemosiderin were
observed in the midbrain and the hippocampus of the aged cohort, although they were
frequently sparse (Figure 6.4B). Perivascular haemosiderin was observed in the midbrain of
one young animal. Scattered neuropil and perivascular haemosiderin were detected in the
cerebellar grey matter in 85% of aged animals, with a few foci seen in one young animal,
predominantly close to or within the Purkinje cell layer (Figure 6.4C). In the hippocampus,
haemosiderin was most frequently observed in the CA1 subfield, where it was seen in 75% of
sections from aged animals (Figure 6.4D). One aged animal displayed haemosiderin in the
CAZ2/3 subfield, and one young animal displayed heavy neuromelanin deposition in an adjacent

region to the CA2/3 subfield of the hippocampus.
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Figure 6.1. Example overview of ROls used for analysis of the NHP brain on a H&E-stained
tissue section. The outlines illustrate the boundaries used in identifying the areas of each tissue
section containing the following brain regions: (A) hippocampus, (B) midbrain, (C) pons, (D)
cerebellum. The ROIs shown in the figure are not the actual ROIs used for analysis.
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Figure 6.2. The location of the SN was confirmed by immunostaining for TH-containing neurons in
cynomolgus macaques. In both images the inset box shows overview of the SN. Within the inset the
dashed square indicates approximate location of the magnified image. (A) Representative image from
a young cynomolgus macaque. (B) Representative image from an aged cynomolgus macaque. Scale
bar = 50um.
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CA2/3

Figure 6.3. H&E-stained tissue section of the cynomolgus macaque hippocampal formation. Line
drawings illustrate the cytoarchitectural divisions within the hippocampal formation. CA1, CA2, CA3,
CAA4, subfields of the hippocampus; DG, dentate gyrus. Scale bar = 1 mm.
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Table 6.1. Main histopathologic findings in the brains of cynomolgus macaques

Commonly affected brain regions
Histopathologic = Description  Intracellular or Special per cohort

findin H&E extracellular Stain
g ( ) Young Aged
D;Irtl)(w- Extracellular Perls’ Hippocampus,
Haemosiderin y and intracellular Prussian Midbrain Midbrain, SN,
brown
iqment (macrophages) Blue Cerebellum
P9 (Grey Matter)
Hippocampus,
. Brown Hippocampus, Midbrain, SN,
Neuromelanin . Intracellular . .
pigment Midbrain Cerebellum

(Grey Matter)

To confirm the presence of ferric iron in the brain tissue, sections obtained from young and
aged animals were stained using Perls’ Prussian blue methodology (Figure 6.5A). Visible iron
deposits may represent either haemosiderin or ferritin, with haemosiderin deposition in the
H&E-stained sections indicating that it may contribute at least partially to these deposits. Iron
deposits were observed in the cerebellar grey matter, midbrain, and hippocampus in H&E-
stained sections. The location of these deposits matched the location of haemosiderin-rich
areas seen in H&E-stained sections from the same animals. In the hippocampus, iron deposits
were mainly limited to the CA1 subfield, appearing in 92% of samples from aged animals. Iron
deposits appeared to be present in both cell bodies and neuropil. A small number of iron
deposits were also seen in the CA1 subfield in one young animal, although this was in close

proximity to a blood vessel.

In the SN, significant iron deposition was routinely observed in aged animals, while none were
seen in young animals. Consequently, the number of iron deposits were quantified across both
age cohorts using a manual image analysis. No iron deposits were observed in the SN in young
animals, while aged animals showed between 1 and 133 deposits per ROI (Figure 6.5B). No

significant association was found between age and iron deposition in the SN, however.

6.1.2. The effect of age on microglial cell density in the hippocampus and the

SN of cynomolgus macaques

Next, | sought to determine whether microglial activation was affected by age in the SN.
Activated microglia were quantified using the cell surface marker Iba1 in sequential sections
taken from young and aged macaques. Elevated Iba1 expression is associated with microglial

activation, although it is constitutively expressed by all microglial cells and is not thought to be
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restricted to an activated subset [536]. No significant difference in Iba1* microglial cell densities

were observed between the two age groups (Figure 6.6).

Iba1* microglial cell density was also evaluated in the CA1, CA2/3 and CA4 subfields of the
hippocampus, a region where an increase in activated microglia has previously been
associated with ageing in humans (Figure 6.7) [537]. Iba1® microglial cell densities were

comparable in the two groups in all subfields.

152



A 'x"-V 1250
Y

fit
2

o AR

)
';: ¢ P
e ";’.

Figure 6.4. Age-related histopathology identified in H&E-stained brain tissue of cynomolgus
macaques. (A) Neuromelanin and haemosiderin in the SN. (B) Perivascular haemosiderin. (C)
Haemosiderin in the cerebellar grey matter and Purkinje cell layer. (D) Haemosiderin in the CA1
subfield of the hippocampus. All images taken on a 20X magnification. In all images black arrows
indicate haemosiderin and white arrows with black borders signify neuromelanin. Scale bar = 50um.
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Figure 6.5. Quantification of iron deposits in the SN in Perls’ Prussian blue-stained brain tissue
sections from cynomolgus macaques. (A) Representative images of sections from young (0-5 years;
n=3) and aged (13-20 years; n=13) cynomolgus macaques are shown. (B) Quantification of iron
deposits in the SN. Each data point displayed in the figure represents the average number of Iba1*
cells across 4 ROls in one tissue section. Measurements were taken from three sequential tissue
sections for each cynomolgus macaque in each age group. Statistical analysis between the groups
was carried out by fitting a linear mixed model. 95% CI and p-values were computed using a Wald t-
distribution approximation. The effect of age group was found to be statistically non-significant and
positive (95% CI [-2.92, 53.74], t(43) = 1.81, p = 0.077). Scale bar = 50um.
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Figure 6.6. Iba1* microglial cell density is unaffected by age in the cynomolgus macaque SN. (A)
Iba1* microglial cells were identified by immunostaining (yellow) and nuclei were counterstained with
Hoechst (blue). Representative images of microglia in young (0-5 years; n=3) and aged (13-20 years;
n=13) cynomolgus macaques are shown. (B) Quantification of Iba1* microglial cells was carried out
in the SN. Each data point displayed in the figure represents the average number of Iba1* cells across
4 ROls in one tissue section. Measurements were taken from three sequential tissue sections for
each cynomolgus macaque in each age group. Statistical analysis between the groups was carried
out by fitting a linear mixed model. 95% CI and p-values were computed using a Wald t-distribution
approximation. The effect of age group was found to be statistically non-significant and negative (95%
CI [-774.06, 540.30], t(30) = -0.36, p = 0.719). Scale bar = 50um.
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Figure 6.7. Iba1* microglial cell density is unaffected by age in the cynomolgus macaque
hippocampus. (A) Iba1* microglial cells were identified by immunostaining (yellow) and nuclei were
counterstained with Hoechst (blue). Representative images of microglia in the CA1 hippocampal
subfield of young (0-5 years; n=3) and aged (13-20 years; n=13) cynomolgus macaques are shown.
Quantification of Iba1* microglial cells was carried out in (B) CA1 (C) CA2/3 and (D) CA4 subfields of
the hippocampus. Each data point displayed in the figure represents the average number of Iba1*
cells across 4 ROIls in one tissue section. Measurements were taken from three sequential tissue
sections for each cynomolgus macaque in each age group. Statistical analysis between the groups
was carried out by fitting a linear mixed model. 95% CI and p-values were computed using a Wald t-
distribution approximation. In all regions the effect of age group was found to be statistically non-
significant (A: 95% CI [-87.52, 64.79], t(36) = -0.30, p = 0.764; B: 95% CI [-125.01, 6.63], t(38) = -
1.82, p = 0.077; C: 95% CI[-84.50, 66.36], t(148) = -0.24, p = 0.812). Scale bar = 50um unless
otherwise specified.
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6.2. Discussion

Age is the major risk factor in developing neurodegenerative disease and is associated with
inflammageing and pathological changes in the CNS [538-540]. Determining the changes that
occur as part of the healthy ageing process, and in the absence of disease, is therefore

important.

The histological findings presented in this chapter are considered to represent normal age-
related pathology and are not indicative of the presence of neurodegenerative disease. Of note,
the observation that neuromelanin is present within neurons in the SN in the aged cohort of the
present study, but not young, aligns with what is known about neuromelanin accumulation with

age in humans and primates [507, 509].

While haemosiderin and ferritin are distinct iron storage forms, they are often not differentiated,
with positive Perls’ Prussian blue staining commonly referred to as haemosiderin staining,
despite the iron stain reacting with all ferric iron deposits, including iron bound to ferritin. This
misconception might stem from the fact that ferritin-bound iron is water-soluble and could leach
from samples during staining. However, while Perls’ staining may be less sensitive to ferritin
deposits (positive ferritin staining has previously been described as having a lighter blue 'blush’

compared to the deeper blue of haemosiderin [541]) it is not insensitive.

In this Chapter, a clear distinction between ferritin and haemosiderin was not possible as
staining for ferritin was not attempted. Therefore, while most positive Perls’ staining showed
deep blue, granular deposits suggestive of haemosiderin, | did not attempt to distinguish the
iron storage forms. Despite this, it is likely that the areas where haemosiderin is observed in
H&E-stained sections corresponding to positive Perls’ staining represent significant

haemosiderin deposition, even if iron-containing ferritin is also present.

Haemosiderin was a common observation in aged but not young animals. A previous survey of
brain histopathology carried out in 76 young cynomolgus macaques (2-8 years) found only one
instance of haemosiderin deposition, substantiating my findings in the young cohort [542]. In
aged animals, iron deposits in the midbrain and cerebellum, visualised as haemosiderin on
H&E-stained sections or as a granular blue pigment in Perls’-stained sections, were frequently
located close to or within the perivascular space of blood vessels. This observation aligns with
the theory that age-related disruption of the BBB may occur in these regions. However, the
limited dispersion of the deposits around vessels indicates that any disruption was mild. The
variability in the number of deposits observed in different animals may be linked to previous or
current systemic inflammation. A previous study showed that in aged, but not young mice, LPS

administration results in increased cerebral microbleeds, indicating that systemic inflammation
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increases susceptibility to BBB disruption in aged mice [543]. In the present study, it is plausible
that inflammation arising from illness or injury could compromise the BBB, primarily affecting

the aged cohort and contributing to the observed deposition.

Significant iron deposition is also evident in the CA1 hippocampal subfield in the majority of
aged animals, aligning with the findings of previous studies of ageing humans and NHPs [544-
546]. Iron deposition in CA1 is associated with reduced memory performance in cognitively
unimpaired older humans using magnetic resonance imaging (MRI) [546]. Behavioural analysis
was not feasible in the present study, but a previous study in aged rhesus macaques showed
that calorie restriction from middle-age reduces iron accumulation in multiple brain regions,
including the hippocampus, in parallel with improved fine motor performance compared to
animals with no calorie restriction [544]. These studies suggest that accumulation of iron in the
hippocampus is detrimental even in cognitively normal individuals. The findings here indicate
that iron also accumulates in the hippocampus, and specifically the CA1 subfield, in
cynomolgus macaques, and could provide a suitable model for further studies of iron-

associated pathology in the hippocampus.

In the aged cohort iron deposits were more abundant in the SN than in any other region and
often present in the neuropil, but not in proximity to blood vessels. The visualisation of ferric
iron deposits using Perls’ Prussian blue confirms that a substantial amount of stored iron is not
chelated by neuromelanin in this brain region. The lack of iron deposits in young animals
signifies that ageing is associated with an increase in total iron, as has been observed in the
human SN, which may arise due to increased BBB permeability or changes in iron homeostasis
[506-508]. The additional iron may then be bound by ferritin, which has also been reported to
be upregulated with age in the SN, or haemosiderin [506, 507].

Alternatively, extra-neuronal deposits may accumulate due to the redistribution of iron within
the SN in various storage forms. A potential trigger could be intracellular iron levels reaching a
level where they exceed the capacity of neuromelanin to efficiently chelate the metal, resulting
in an increased amount of intracellular redox-active iron. This would contribute to neuronal
stress and eventual cell death, possibly explaining the neuronal loss observed as a feature of
normal ageing in elderly subjects [547]. The release of neuromelanin into the extracellular
space is, however, associated with microglial activation [548-550]. No significant increase in
Iba1 density was observed in the present study in the SN. This suggests that any extracellular
neuromelanin, if present, is being efficiently cleared by phagocytic microglia or brain-resident
macrophages. This efficient clearance likely prevents the triggering of a pro-inflammatory
response but may contribute to these cells becoming over-laden with iron, which may represent
the iron deposits observed in H&E and Perls’-stained tissue sections.
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The lack of an age-related change in Iba1 density aligns with studies of microglial cell densities
in elderly chimpanzees, common marmosets, and rhesus macaques, where no change in total
microglial numbers was seen with age in either the SN or hippocampus [529-531]. In contrast,
Kodama et al. reported an increase in the number of Iba1* microglial cells in the hippocampus
of older cynomolgus macaques when comparing young (3-5 years) and aged (18-19 years)
cohorts (Table 6.2) [532]. The discrepancy between the findings of Kodama et al. and those
presented here may be attributed to several factors. First, different age boundaries; the present
study includes animals aged 13-20 years in the aged cohort, whereas Kodama et al. focused
on 18- and 19-year-old cynomolgus macaques. Second, Kodama et al. had a larger young
cohort (12 animals compared to 3 in the present study) and an equal number of aged animals.

Table 6. 2. Histological studies investigating the effect of age on microglial cell density in the
hippocampus and SN

Observation
Species (Cohort Age range ,
N
Study size) (Sex) Hippocampus S
Cynomolgus 4 — 20 years .
Present study macagques (16) (MF) +* (CA1-CA4)

Kodama et al.

Cynomolgus

[532] macaques (24) 3-19years (F) T
Kanaan,
Rhesus 9 — 29 years
Kordower, and macaques (14) (MF) i
Collier [529] g
Rodriguez-
Callejas, Fuchs, Common 1.6 — 18 years’
and Perez-Cruz marmosets (11) (M) <
[631]
Chimpanzees 37 — 62 years
Edler et al. [530] (20) (MF) <> (CA1, CA3)
DiPatre and 38 — 72 (not
Gelman [537] Human (17) reported) T(CA1-CA4)
Shahidehpour et
al, [528] Human (51) 10 — 99 (MF) T (CA1)

M, male; F, female; MF; mixed-sex group; SN, substantia nigra; CA, cornu ammonis

* <> indicates no change

T Mean age of youngest vs oldest groups
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Third, methodological differences. Kodama et al. did not specify which hippocampal subfields
were examined or include technical replicates in their analysis, and they employed a different

image analysis procedure.

In contrast, histological human studies have suggested an age-related increase in microglial
activation and density, although studies are sparse (Table 6.2). A post-mortem study found
microglial density was increased in the CA1-CA4 hippocampus subfields of elderly humans in
the absence of neurodegenerative disease when compared to young subjects, and further
increased in subjects with AD [537]. The study was, however, limited by small sample sizes. A
more recent analysis found that an increase in total microglia was associated with age in the
CA1 subfield of the hippocampus [528]. In vivo position electron tomography (PET) imaging to
quantify microglial activation in healthy subjects has produced conflicting results. Some studies
have shown microglial activation is increased in older subjects in multiple brain regions,

including the hippocampus and the cerebellum, while another did not [551-553].

The main drawback of using Iba1 density as a method to assess age-related microglial changes
is it's high sensitivity to variations in staining quality and background staining, which can
introduce bias when averaging across different image fields [554]. It is also difficult to
distinguish increases in cell number versus increases in activation. Another drawback of this
study is that microglial morphology was not assessed. Increased numbers of microglia with an
activated or dystrophic morphology have been observed in both ageing humans and NHPs
[205, 206, 527-531]. In humans, however, one study attributed the increase in the number of
dystrophic microglia with age to an age-related increase in the total number of microglia [528].
There is limited visual evidence of differences in microglial morphology between the young and
the aged cohorts in the present study. However, since there are no known studies of microglial
morphology in cynomolgus macaques, it would be interesting to explore alternative methods,

such as skeletal or fractal analysis, for assessing microglial morphology.

Although this study did not find an association between areas with increased iron deposition
and microglial activation, previous research has suggested a potential link between
dysregulated iron homeostasis and age-related microglial alterations. In humans, genes
associated with iron homeostasis are upregulated in ageing- and disease-associated microglia
[528]. Among these genes, the enrichment of FTL is particularly notable, as a positive
association between FTL and FTH protein concentrations and iron in the SN has been
observed throughout the lifespan [507, 528]. FTL* microglia have been reported to increase
with age in humans, likely in response to elevated intracellular iron concentrations, and are
associated with a higher incidence of dystrophic morphology [206]. An increased abundance
of dystrophic Iba1*FTL" microglia has also been previously observed in AD patients [525].
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To further elucidate the links between dysregulated iron homeostasis and dystrophic microglia
the use of cynomolgus macaques as an animal model may be beneficial, as the present work
suggests a similar age-associated accumulation of iron as seen in humans. Future work would
benefit from investigation of ferritin, and especially FTL, expression with age, not performed
here due to a lack of known NHP-reactive reagents for this protein, as well as phenotyping and

morphological analysis of microglia.

6.2.1. Limitations

The main limitation of the present study is the small number of animals in each cohort.
Chronological age does not always equal an individual’'s immune ‘age’ [23, 555] and it can be
assumed that there is substantial variation in the onset of age-related pathology in the brain.
The number of animals included within the present study, or previous studies in NHPs and
humans, are therefore insufficient to confidently determine the trajectory of age-related
pathology and microglial alterations, or to capture the range of severity that could occur at each

age.

Another major limitation is the low number of animals included in the cohort that are of extreme
old age. The life span of cynomolgus macaques in captivity is approximately 25-30 years old,
however, the animals in the present study were <20 years old [556]. The indication that there
is some change in microglial density in 18-19-year-old macaques by Kodama et al. suggests
that more significant pathology and heightened neuroinflammation may be seen at more
advanced ages [532]. The wide range of ages included within the aged cohort in the present

study may have obscured any age-related alterations.

Other limitations include the use of cross-sectional data to study the longitudinal process of
ageing and the use of only one H&E-stained section to assess brain histopathology, as there
will likely be considerable variation within individuals depending on the depth the section was
taken. The ongoing nature of the present study’s sample collection also meant that brain tissues
were stored for differing lengths of time, which may affect staining efficiency. One animal in the
young cohort had recurring bouts of diarrhoea prior to being culled, while two of the aged
animals had high blood sugar prior to being culled, indicative of diabetes. These conditions
may have had unknown effects on brain pathology. The present study focused on a small
number of brain regions, which does not produce a full picture of age-related brain pathology
and neurodegeneration in cynomolgus macaques. Inconsistencies in the depth at which
sections were taken for H&E, Perls Prussian Blue, and Iba1 staining between individuals may
also have introduced bias, as brain pathology may not be uniform throughout the tissue

samples. Finally, the use of Iba1 as a microglial activation marker may not provide sufficient

161



sensitivity to evaluate age-associated changes in microglial activation. The combined use of

Iba1 with other markers, such as MHC-Il and CD68, may be beneficial in future work [536].

6.3. Conclusions

The findings presented here highlight that age-related pathology is a common finding in older
cynomolgus macaques and that they display the same age-related iron accumulation in the
hippocampus and the SN observed in humans. In contrast, it does not provide evidence that
iron accumulation or ageing alone is associated with microglial activation in cynomolgus
macaques, as previously reported in cynomolgus macaques and humans. This may, however,
be a result of the small cohort size and lack of animals of extreme age. To fully determine
whether microglia are impacted by ageing in cynomolgus macaques, a detailed assessment of
changes in microglial morphology throughout the lifespan in cynomolgus macaques is needed.
The similarities in age-associated accumulation of age-related histopathology in cynomolgus
macaques to humans shown here makes cynomolgus macaques an attractive option for further

study of brain ageing and differentiating the processes preceding disease development.
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7.0. Chapter 7: General Discussion

7.1. Summary of thesis outcomes

The physiological similarities between NHPs and humans makes them valuable models for
biological research. However, due to their considerable cognitive capabilities and complex
behavioural needs, their use in research also raises a number of ethical questions, especially
regarding studies which may cause pain, distress, or suffering [49]. For this reason, the use of
cynomolgus macaques in research requires careful consideration of behavioural, biological,

ethical, and practical factors.

The aim of this thesis was to determine the suitability of cynomolgus macaques as a model for
studying human ageing, the microbiome-gut-brain axis and inflammageing. To investigate the
presence of age-related physiological declines observed in humans [13-15, 23, 63, 65, 134-
139, 162, 164, 166, 170, 197, 203, 205, 206], | characterised the effect of age on the
interconnected systems of the brain, intestinal tract, and intestinal microbiome in a cohort of
healthy, captive-bred cynomolgus macaques of differing ages. To the best of my knowledge,
this study represents the first characterisation of the cynomolgus macaque luminal intestinal
microbiome in both the small and the large intestine and as such provides a more relevant and
accurate representation of the intestinal microbiome compared to the common and continuing
use of faecal samples. Additionally, it represents the first characterisation of the effect of ageing
on the intestinal mycobiome in cynomolgus macaques. While there is limited evidence that the
intestinal microbiome and intestinal homeostasis are affected by age in this cohort of animals,
the work in this thesis has demonstrated that cynomolgus macaques may be valuable models
for studying age-related brain pathology. Together, the findings provide a valuable reference for
the microbiome-gut-brain axis for an animal model commonly used to model human diseases

and determine the safety and efficacy of therapeutic interventions.

The intestinal microbiome represents a source of stimuli that may initiate and drive
inflammageing through persistent activation of the immune system [140]. This thesis
demonstrated that no age-associated changes in intestinal prokaryotic and fungal taxonomic
abundance and/or beta-diversity were seen between different age groups in captive-bred
cynomolgus macaques, in contrast with what has been found in previously in human studies
based on faecal sampling [13-22, 63, 65]. Region-specific measures of alpha-diversity also did
not consistently show a difference between age groups. Additionally, no age-associated
changes in microbial metabolic pathways were observed, with the exception of a single
pathway, which aligns with the overall lack of age-associated shifts in taxonomy. The general
lack of age-associated effects on intestinal microbial taxonomy, diversity, and function were

unexpected, especially as previous studies have found age-associated changes to the
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intestinal microbiome in captive cynomolgus macaques [57, 64, 70]. As discussed in Chapter
4, a number of factors may explain this discrepancy, including differing co-housing
arrangements, cohort size, age range, age distribution, and methodology. Based on my
findings, it therefore cannot be concluded that cynomolgus macaques reflect the effects of age

on the intestinal microbiome described in humans.

An increase in age-associated brain pathology, particularly related to iron-accumulation, is
apparent in the brains of aged cynomolgus macaques, aligning with previous observations in
humans and NHPs [503, 504, 507-512]. Notably, iron accumulation was detected in the SN,
mirroring that seen in human ageing [506-508]. The mechanisms behind this apparent
accumulation of iron are unclear but may be related to age-associated increases in BBB
permeability or changes in iron homeostasis [225, 503, 518-523]. Conversely, expression of
Iba1, a marker for microglial activation, was not associated with age in the hippocampus and
SN, two regions which are heavily impacted in neurodegenerative diseases [506, 557]. These
findings suggest that microglial homeostasis, albeit as defined by a single marker, Iba1, is
unaffected by age in healthy cynomolgus macaques. The similarities between age-associated
brain pathology in cynomolgus macaques and humans supports their use in studies requiring
suitable animal models for human brain ageing. However, in the absence of microglial activation
and age-associated intestinal dysbiosis, the accumulation of age-associated brain pathology
cannot be attributed to age-associated neuroinflammation or changes to the microbiota-gut-

brain axis in the cohort of animals studied here.

There is conflicting evidence for an increase in intestinal barrier permeability with age, although
it is often cited as a potential cause of inflammageing. While evidence for this theory is
supported by animal studies, findings in humans are inconclusive [34, 140, 157-160, 162-166].
In this thesis, | tested associations between increasing age and blood-based surrogate markers
of intestinal permeability and systemic inflammation and found that age was significantly and
positively associated with blood LBP concentration. Age was also associated with
morphological changes in the small and large intestine which may be related to an inflammatory
status. These findings indicate that cynomolgus macaques may exhibit an age-associated
increase in intestinal permeability and inflammageing independently of any structural changes
of the intestinal prokaryome and mycobiome, suggesting that these alterations are not driven
by bacterial or fungal alterations. However, as discussed further in the next section, the limited

sample size used for these experiments restricts the interpretation of these findings.

The work in this thesis also contributes to the existing field of research relating to the

characterisation of the cynomolgus macaque intestinal microbiome. Distinct bacterial

communities are apparent in different spatial regions of the intestinal tract. Reference-based
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taxonomic profiling reveals species belonging to the genus Segatella are the dominant taxa in
the caecum and the colon, while S. ventriculi, a potential pathobiont, is dominant in the small
intestine. Resolution of Segatella to species level reveals a dominance of species associated
with the human, rather than NHP, intestinal microbiota, reflective perhaps of the influence of
regular human (handler) contact and differences in diet and hygiene in this cohort of captive-
bred cynomolgus macaques compared to wild populations [374]. In the intestinal mycobiota the
yeast A. pintolopesii is the dominant species in all intestinal regions profiled and is a putative
gut commensal. This diverges from findings in human studies in which genera including
Candida, Saccharomyces, and Aspergillus are commonly found to dominate the intestinal
mycobiome, highlighting the species-specific differences in the composition of intestinal
microbiota [168, 170, 173]. The dominance of a yeast species from the Arxiozyma genus
(previously Kazachstania) does, however, align with previous findings in both wild and captive
cynomolgus macaques [174]. This suggests a specific adaption of Arxiozyma to the
cynomolgus macaque intestinal tract, making its presence more resistant to the influence of
captivity. | also identified 108 putative novel bacterial and archaeal SGBs, the identification of
which contributes to knowledge of the cynomolgus macaque microbiome and may be a source

of previously unrealised microbial diversity.

7.2. Study limitations

7.2.1. Sample collection

The target sample size for this study was 30 cynomolgus macaques, with 10 animals each of
the young, adult, and aged age groups. Limitations on the availability of animals due to
increased demand during the COVID-19 pandemic were a factor which limited sample
collection. Additionally, sample collection was limited to animals to be culled for reasons
separate to the study objectives, such as ex-breeder status designation, diagnosis of non-
infectious disease or illness, or abnormal or aggressive behaviour. These limits especially
restricted sample collection from young animals. As samples were collected on an ad hoc basis,
sample storage duration also differed between animals and may have impacted inter-individual
comparisons. In particular, this may have affected analysis of the intestinal microbiome.
Microbial composition profiles are less stable in faecal samples stored without preservation
buffer than those which are [558]. In the present study, intestinal content samples were
collected from healthy animals and stored at -80 °C with no additive following collection.
Differing storage times pre-DNA extraction may therefore have had a disparate impact on
microbial community composition. In contrast, faecal samples collected from obese animals
and age-matched controls were collected into OMNIgene-GUT tubes, which contain a

preservation buffer. This may have had a beneficial effect on taxonomic and functional stability
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of the microbiome profiles of these samples, and improves confidence in the comparisons

made despite the samples being collected at different times [559, 560].

An additional limitation was the age boundaries established for each age category. Animals
within the ‘young’ age group (0-7 years) ranged from infancy to adolescence. This broad
categorisation of age encompasses many developmental stages, from weaning to sexual
maturity. For females, who reach sexual maturity at approximately 4 years, compared to 7 years
for males, this also encompasses an age at which they can reproduce [561]. The limited
number of animals prevented further modification of the age boundaries. Together, these
limitations may contribute to the inability to discern significant age-associated effects on the
intestinal microbiome, as previous microbiome studies in NHPs using larger sample sizes
and/or a more even distribution of ages evaluating age-associated microbial alterations found
significant effects [57, 64, 70]. This may also explain the absence of corresponding age-

associated effects on brain and intestinal pathology, and systemic markers of inflammageing.

The lack of animals of extreme old age may also contribute to the inability to detect age-
associated intestinal microbial alterations. The typical lifespan of cynomolgus macaques in
captivity is 25-30 years, with some animals reaching up to 40 years old, although in the wild
the median lifespan of macaques is approximately 15 years [260, 562]. The samples used to
investigate the intestinal microbiome in this thesis were collected from animals of between 4-
20 years old. Within the colony from which these animals came, animals are not typically kept
to ages greater than 20 years. Macaques age at around three times the rate of humans [563,
564] with the majority of our animals in the ‘aged’ category being equivalent to middle-aged
humans (45-60 years old). Most studies associate age-associated changes to the intestinal
microbiome with older adults [13-22, 63, 65]. However, while a higher variability in the
composition of the intestinal microbiota is associated with adults >60 years old, the human
intestinal microbiota starts to exhibit increased uniqueness at approximately 50 years of age.
These changes positively correlate with microbial metabolic markers associated with immune
function, inflammation, and longevity [87]. This suggests that, potentially subtle, microbial
alterations begin in middle age in humans. It is possible that the upper limit of the cohorts’ age

range, in addition to the size of the cohort, was insufficient to capture age-associated effects.

7.2.2. Limitations of characterising the intestinal microbiome

As described in Chapter 4, a limitation of the intestinal prokaryome characterisation is the

underrepresentation of NHP-specific intestinal commensals within commonly used reference-

based profiling databases [361]. Species-level resolution of the intestinal mycobiome is also

restricted by the limited divergence of the ITS region in closely related species, as discussed

in Chapter 3 [456, 457]. These constraints limit the characterisation of the bacterial, archaeal,
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and fungal fractions of the intestinal microbiota, and therefore the ability to determine age-

associated alterations.

Marker gene and shotgun metagenomic sequencing measurements suffer from taxonomic bias
because of how different taxa respond to each step in a sequencing protocol. These biases
can arise at each step in a given workflow, including taxa-specific variation in DNA extraction
efficiency, amplification, sequencing and accuracy of taxonomic assignment [565, 566]. While
all samples used for characterisation of the prokaryome and the mycobiome in this study are
subjected to the same protocols, respectively, it is possible that taxonomic bias results in
variations in relative abundance across samples [567]. As a result, my investigation of the
intestinal microbiome in this cohort of cynomolgus macaques may be subject to taxonomic bias,
which may affect the accuracy of comparisons between individuals as well as to findings from

other studies.

Further bias may have been introduced because of sampling time. Diurnal oscillations in
bacterial abundance in the intestinal microbiome are apparent in mice and humans, influenced
by factors including food intake and the host’s circadian rhythms [354, 568, 569]. The
consequence of this is that the composition of the intestinal microbiome will vary depending on
the time of day that animals are culled, and sampling carried out. This was not accounted for
within this study but may have had an impact on the taxonomic and functional profiles of the
intestinal microbiome. Also unaccounted for was the temporal variability of the intestinal
microbiome. A previous study in humans found that, day to day, the major faecal bacterial
genera can vary in abundance by up to 100-fold. Some of this variation is attributable to
differences in diet and stool moisture content, but not to the time of day the samples were
collected, suggesting that this variability is independent from the diurnal oscillations of the
intestinal microbiome [570]. These findings imply that intra-individual variation may vary over a
short time-period as much as inter-individual variation, and that large sample sizes and/or
repeat, longitudinal, sampling may be required to account for this variability and distinguish

significant effects on microbial composition.

7.2.3. Confounding variables

The animals in this study underwent regular treatment with antibiotics in response to infection
or injury. Administration of antibiotics in humans results in compositional changes to the
intestinal microbiome, as well as a reduced microbial diversity lasting for several months or
longer [571]. Occasionally, antibiotic administration to these animals was followed with probiotic
treatment, which can influence microbial taxonomy [572]. These variables are not accounted
for within this thesis but may impact measures of intestinal microbial diversity and comparisons
between individuals. Additionally, close contact from co-housing can lead to the sharing of
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microbes and animals' intestinal microbiomes becoming more similar over time, as described
in mice co-housed within cages [419]. Grooming behaviours also promote similarity of the
intestinal microbiome [381, 398-400]. These factors may be an influencing factor on intestinal
microbiome composition, explaining the similarity of the intestinal microbiome between age
groups. Close contact between individuals of differing ages is, however, more reflective of

social interactions in humans and wild cynomolgus macaques.

Injury is a common occurrence within the colony due to aggressive interactions with other
animals. In mice, skin injury is associated with changes to the intestinal microbiome and
intestinal immune homeostasis [573]. Given the link between changes in the intestinal
microbiome, disruption of intestinal immune homeostasis, and inflammatory responses in the
brain, it's possible that injury can influence microbial taxonomy, inflammatory and intestinal
permeability biomarkers, and the accumulation of age-associated brain pathology. The
frequency, type, and timing of injuries were not accounted for in this study, making it impossible

to rule them out as confounding factors.

7.3. Future Research

To validate the findings of this thesis, a follow-up study with a larger cohort, including animals
of more extreme old age (20-30 years old), and an evenly distributed age range should be
conducted. Power calculations based on the current results will help determine the optimal
number of animals to include in this future study. Previous work in wild macaques found that
age-associated shifts in the composition of the intestinal microbiota were specific to male
animals [92]. It may therefore also be interesting to incorporate an even sex distribution within

this study to investigate potential sex-specific effects of ageing.

Future work should also more comprehensively characterise the intestinal microbiome to
determine with certainty whether age-associated changes to the intestinal microbiome of
healthy, captive-bred cynomolgus macaques are present. This should include characterisation
of the intestinal virome. This was not attempted in this thesis due to the complexities involved
in virome characterisation, including the challenges associated with taxonomic annotation of
genome sequences resulting from incomplete reference databases [574, 575]. Like bacteria
and fungi, viruses, including bacteriophages, interact with the host immune system and aid in
maintaining immune homeostasis and disease progression [576]. Previous investigation of the
DNA faecal virome in captive cynomolgus macaques revealed significant age-associated shifts
in viral, predominantly bacteriophage, taxonomy [577]. It would be interesting to see if this is

replicable in this cohort of captive-bred cynomolgus macaques.
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Secondly, for further investigation of the metabolic function of the intestinal microbiome,
metabolomics and/or metatranscriptomics may be useful tools. Metabolomics provides a direct
measure of metabolic activity, while metatranscriptomics captures the active functional profile
of a microbial community through messenger RNA (mRNA) sequencing [578]. In contrast,
functional inference of the microbiome using WGS data, as carried out in this study, can only
imply the functional potential of the microbial community [579]. Metabolomic and
metatranscriptomic techniques may reveal further age-related effects on metabolic pathways
within this cohort, as well as providing insights into host-microbial interactions that may are not

apparent with WGS datasets.

Thirdly, the under-representation of NHP microbiomes in microbial reference databases limits
the identification of age-associated alterations in bacterial and archaeal fractions of the
intestinal microbiota in this cohort of cynomolgus macaques. To overcome this, further
identification and characterisation of novel taxa within the cynomolgus macaque intestinal
microbiome is needed. In this thesis, | identified putative novel SGBs and taxonomically
assigned them to genus level, partially characterising the fraction of the intestinal prokaryome
that remained uncharacterised by reference-based profiling methods. To further characterise
the intestinal microbiome in ageing cynomolgus macaques, it would be beneficial to investigate

any age-associated effects on abundance and distribution of these SGBs across the cohort.

Finally, it will be of interest to compare the intestinal microbiome of this cohort to wild
cynomolgus macaques and human populations to determine their similarity to captive-bred
cynomolgus macaques. Previous work has found that the intestinal microbiome of wild
cynomolgus macaques changes following translocation to a hygienic, captive environment [60].
My own findings suggests that the intestinal microbiota of captive-bred cynomolgus macaques
exhibits similarity to humans, although further work would be required to confirm this.
Establishing the effect of captivity on the cynomolgus macaque microbiome may be a valuable

reference for future microbiome research in this animal model.

Aside from further characterisation of the intestinal microbiome, future experiments could also
improve the characterisation of the effect of age on CNS inflammation and microglia in
cynomolgus macaques, as discussed in Chapter 6. This could include morphological
phenotyping to identify activated or primed morphology, which has previously been associated
with age, and evaluating the expression of microglial activation-associated molecules such as
MHC-Il and CD68 [205, 206, 208, 213-215]. It could also include evaluation of the expression
of the FTL receptor, upregulation of which has been associated with age, dysregulated iron
homeostasis, and dystrophic microglia, to further investigate the link between iron deposition
and age-related pathology in the brain [206]. Future experiments could also employ
169



immunofluorescence staining to investigate the effects of ageing on BBB tight junction protein
expression. This approach may also help determine whether age-related changes in the BBB

contribute to increased brain iron deposition.

7.4. Conclusion

Collectively the findings of this thesis do not support the use of captive cynomolgus macaques
aged 20 years or younger as an ideal animal model for human ageing and its association with
intestinal dysbiosis. They do, however, provide a basis for further investigation of age-
associated brain pathology, intestinal permeability, and inflammageing in this animal model.
They also provide a valuable reference for the effect of ageing on healthy, captive-bred

cynomolgus macaques.
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1. OBJECTIVES

To investigate the differences in innervation of different regions of the gut and brain betwéf’"
middle aged and older cynomolgus macaques.

2. BACKGROUND
In work completed at Quadram, murine tissue examination suggests that there are” a
differences in innervation and epithelial composition of the gut. Work by others also finds altered immune
activation status of the gut and brain with ageing. Th;s study seeks to dete ine whether these finding are
replicated in the cynomolgus macaque.

3. MANAGEMENT OF STUDY
PHE Porton Down:
Study manager:
Test facility manager:
Project Licence Holder:
Named Animal Care AND Welfare Officer:
Named Veterinary Surgeon:
Sample oversight
Sample Analysis:

“PHE (as identified), QIB, UCL and UofS
Sponsor: QIB

4. TEST SYSTEM
Justification: < '

Dementia is a priority for the | .PHE as deaths resulting from it have now exceeeded those of acute
respiratory infection. The mechanisms of accelerated ageing on dementia patients is poorly understood.
Model systems that accurately reflect the process in man are required to both understand these changes
and potentlally to treato reverse early onset decline. Terminal exsangination will be conducted under the

Health’ Statu ventional colony free of herpes B-virus, TB, SIV, STLY
Solrce of sy
Number requ ed:

Sex: 15:male, 15 female. Three groups each of 5 x male and 5 x female animals if possible.
Age: Adult

Identification of Test System
Each animal will have been identified by a permanent tattoo using a unigque number.

{ ocation
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The animals will be sourced from the _reeding facility. Animals may have been housed
with non-study animals. _

4.2 Rhesus Macaques

Species: Macaca mulatta

Health Status: Conventional colony free of herpes B-virus, TB, SIV, STLV
Source of supply: [N

Number required:
Sex: 15 male, 15 female. Three groups each of 5 x male and 5 x female animals if possible. ™

Age: Adult

Identification of Test System
Each animal will have been identified by a permanent tattoo using a unique numb

Location B,
The animals will be sourced from the _breeding facility. Ar;irﬁ s may:have been housed with
non-study animals. ¢

5. ALLOCATION TO GROUPS:

In order to examine differences in age, three age groups hav e ‘n;.j_g'i‘en |ﬁed (Table 1). Itis anticipated that
10 animals in each age-group would generate enough:_”gis§‘ forQIBto assess age-related changes.

Table 1. Group age structure of study macaques

Group Species Individual Age range
1 Cyno : 1-10 1-4 years -
2 Cvynoe 11-20 4-8 years
3 Cyno 21-30 8 or more
4 Rhesus 1-10 1-4 years
5 Rhesus 11-20 4-8 years
6 Rhesus. 21-30 8 or more

, mals will be transferred to the procedures room, weighed and rectal temperature taken
(SOE: BIG/020 Sedation of Primates for Procedures). During sedation, it would be preferable for
each subject to undertake a hearing assessment using an OAE device. This may not be possible

without an adequate seal inside the hearing canal and may require adaptation of the sealing
- grommets. The hearing test is non-invasive so no extra justification required under a project licence
and will be under terminal anaesthesia. Hearing assessment and retina scanning will be included

once the process for performing them has been worked up.

2. Anaesthesia will be continued and animals will be exsanguinated. (SOP BIG/021 Anaesthesia of
primates for terminal procedures)
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3. After exsanguination, animals will be euthanised by injection of a lethal dose of barbiturate.

4. Once euthanasia is complete and the brain removed, the euthanised subject's brain blood will be
flushed through. Details for flushing will be supplied by used of a SPA. (Brain).

5. At necropsy (SOP BIG/173 Necropsy) brain and gut samples will be obtained as described in the
following section.

6. A full post-mortem for the collection of abnormal tissue samples will only be performed there are
signs of ill health. '

7. SAMPLE COLLECTION AND STCRAQ_E

This study does not exclude the possibility that other samples will be takel for use

other studies. These

tissue samples will be handled on an ad hoc basis. The information of t|SSue sample‘ and requesting
scientist's name will be recorded in the necropsy record.

Table 2. sample overview

Samples for this study to be coliected will include:

Sample Tube/pot Storage temp Ship recipient
when collected:” ‘.temperature long | samples to:
term (if
-, | applicable)

Blood - serum | BD Vacutainer | ambient -20°C QIBat-20 | Aimee

SST I, amber °C

lid
Blood - BD Vacutainer | ambient -20°C | QIBat-20 | Aimee
Plasma K3E, lilac lid °C
Duodenum — | Large Dry ice -80 °C |'QIBondry | Aimee .
snap frozen | Eppendorf | ice ' '

o C L tube . Gl e
Duodenum — .| Bijoux of NBF : ambient Swap to 70%. -1 QIB= <[ Aimee
NBF EtOH after 24h. - [ambient
: then 4°C st e .

Duodenum Omnigene ambient | ambient QIB- i | Almee
stool — tubes ‘ _ambient = '
Ompnigene | B
Duodenum Large Dry ice -80 °C _ QIB on dry ‘Aimee -
stool = frozen ‘Eppendorf ~|ice S
: ‘tube _ ST EEE T
Jejunum - Large Dry icef -80°C QIB on dry Aimee
snap frozen Eppendorf ice

tube _
Jejunum — Bijoux of NBF | ambient Swap to 70% QiB [ Aimee
NBF - ’ EtOH after 24h ambient

then 4°C

Jejunum stool | Omnigene ambient ambient QiB Aimee
— Omnigene | tubes ambient

OFFICIAL SENSITIVE
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Jejunum stool | Large Dry ice -80 °C QIB ondry | Aimee
— frozen Eppendorf ice
tube
lleum —snap | Large Dry ice -80 °C QIBondry | Aimee
frozen Eppendorf ice
tube
lieum — NBF | Bijoux of NBF | ambient Swap to 70% QlB Aimee
EtOH after 24h ambient
then 4°C
llieum stool = | Omnigene ambient ambient QiB Aimee
Omnigene tubes ambient
llieum stool — | Large Dry ice -80 °C QIBondry | Aimee
frozen Eppendorf ice
tube
Caecal stool — | Large Dry ice -80 °C QIBondry | Aimee
frozen Eppendorf ice
fube ;
Proximal Large Dry ice -80 °C QIBondry | Aimee
colon—snap | Eppendorf ice
frozen tube ; ‘
Proximal Bijoux of NBF | ambient Swap to 70% QlB Aimee
colon — NBF EtOH after 24h ambient
then 4°C
Proximal Omnigene ambient ambient QIB Aimee
colon stool — | tubes ambient
Omnigene .
Distal colon Large: Dry ice -80 °C QIBondry | Aimee
stool — frozen | Eppendorf : ice
tube '
Distal colon — | Large Dry ice -80 °C QIBondry | Aimee
snap frozen Eppendorf ice
tube
| Distal colon — | Bijoux of NBF | ambient Swap to 70% QlB Aimee
NBF EtOH after 24h ambient
; then 4°C
Distal colon Omnigene ambient ambient QIB Aimee
stool — tubes ambient .
Omnigene '
Distal colon Large Dry ice/ -80 °C QIBondry | Aimee
stool — frozen | Eppendorf ice
tube
Brain Large NBF tub | ambient Swap to 70% QlB Aimee
EtOH after 5 days | ambient :
then 4°C
Eyes* Tubes supplied | Dissected retina | -80 °C UCL Glen
by Glen (Glen) Snap
frozen
Tubes supplied | Fixed in After 1h, UCL Glen
by Glen NBF/PFA 1 h NBF/PFA
then swapped to | swapped to PBS-
PBS-azide and | azide and stored
stored 4°C 4°C
OFFICIAL SENSITIVE = Commercial in confidence 5
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* If staff not confident with dissection, place both eyes into NBF. Glen may be in attendance and may
override the process described for eyes.

7.2 Blood
7.2.1 Serum

Tube 1, Serum: BD Vacutainer SST 1, amber lid

Coliect 4 mL blood SST 1l vacutainer tube.

Allow to clot undisturbed at RT (usually takes 15-30 minutes).
Centrifuge at 1,000-2,000 x g for 10 minutes in a refrigerated centrlfuge.a :
Transfer the supernatant (serum) into clean Eppendorfs (~0.25 ml ahquots) nd reeze.
Store and transport at —20°C or lower.

G hwh =

Tube 2. Plasma: BD Vacutainer K3E, lilac lid
1. Collect 2 mL bloed into vacutainer EDTA tube. 4
2. Centrifuge at 1,000-2,000 x g for 10 minutes in a refrl
3. Transfer the supernatant (serum) into clean Eppe do
4. Store and transport at —=20°C or lower.

0.25 ml aliquots} and freeze.

Each aliquot will be labelled with the study number, animal ID, date taken and aliquot number.

7.3 Gut tissues samples and stools sa__:;nﬁ

Two samples to be taken from each of"ﬁVe régiog'ﬁ“‘s_:-of the intestinal tract. These regions are;

Duodenum* see below for sampling specifics.
Jejenum | B
tleum )
Proximal colon and

Distal colon. .

See Appendix 1: gram showing how the tissue sections should be dissected. The following should

mpling tissues, be consistent- always sample from the same location in an organ or tissue in
ure that tissue sections for fixing are immersed in a sufficient volume of fixative to ensure
“{a minimum one volume of tissue fo 10 volumes of fixative).

7.3.’i Proced ure for collecting tissue samples and faecal material.

1. Collect two circular cross sections of tissue approx. 5 mm wide from the intestinal tract. Flush
gently with PBS to remove large faecal matter. Do not scrape mucosal surface.

2. Cut the rings of tissue into two semi-circular pieces of tissue to give 4 semicircles.

3. One of each of the two samples will be frozen by snhap frozen (e.g. in a tube, into dry
icefisopentane).
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4. One of each will go into 10% neutral buffered formalin for 24 hrs, to be replaced with 70% ethanol
the following day.

5. Detailed instructions of how to use the omnigene tubes are found in Appendix 2 and must be read
before use. '

6. Collect faecal material adjacent from each of the five intestinal identified below in the gut sample
section (PLUS a sample from caecum) for microbiome analysis.

*Duodenal region: Avoiding the pylorus and duodenal bulb and below the hepatopancreatic sphincter eg sample from
area boxed in blue. .

1

AVOidPylonc sphintor 7 /
this \ =

bit L

Duodanu
Mple fr0m 5
re

Sa

7.4 Brain

1. - Whole brain will be removed, flushed through with proteasé inhibitor flushing buffer, first with cold
protease inhibitor buffer, then with cold 4% NBF. .
2. Separate the hemispheres. Placed both halves into 10% NBF pot for 5 days before dispatch.

(Protease inhibitor flushing buffer: AEBSF 2.0 mM, Aprotinin 0.3 uM, Bestatin 130 uM, EDTA 1.0 mM,
E-64 14 uM, Leupeptin 1.0 pM, Sodium Fluoride 2.0 mM, Sodium Pyrophosphate 10 mM. All prepared
in Phosphate buffered saline, stored at between 4 °C and 0 °C and held in an ice-bath before use.)

7.5 Eyes

1. Eye 1: retina dissected and snap frozen. (if not feasible, do both as per Eye 2).
2. Eye 2: pierce sclera with a needle to allow fixative to permeate Fix in 4% PFA (or NBF) 1h. Swap to
PBS-azide and store at 4 -_degrees.

Note: This procedure may be over-ridden by that of_if he is in attendance and taking eye
tissue for subseguent stpply to QIB.

8. SAMPLE COLLECTION AND STORAGE

All samples will be transferred to PHE main site by dispatch for further processing. The study manager will
be responsible for ensuring that the relevant samples are dispatched. See Table 2

Samples should be sent: -

Attention of [

Quadram Institute Bioscience
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Norwich Research Park
Colney Lane
Norwich, NR4 7UQ

9. DISPOSAL OF TEST SYSTEM

Remaining tissues of the animals culled during the course of the study or on termination of the study will
be disposed of in accordance with current BIG procedures and SOPs

10. SOPs utilised in the study

BIG 136, BIG 143, BIG 173
Histology HPC-001,

OFFICIAL SENSITIVE Commercial in confidence 8
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Appendix 1. Guidance notes for gut tissue collections

3N
o WBF (ot 2% ¥
w107
Same procedure N £\ 7> 10% NBF (or 4% PFA)
for all regions: & »snap  &F »snap
frozen frozen ,
# Omnigene tubes
@ Snap frozen -
Duo aa
Jej 0"

lleum )

Caecum CQ\

Prox Colon (3

Dist colon (] e
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Appendix 3. Sample collection method of OMNIgene GUT OMR-200

=4

[N

Unscrew the purple cap from the collection device and set it aside for later use.

2.

2l

Use the stick to collect a small amount of faecal sample.

3.

e

=[S

-

Study 6189

Transfer the faecal sample into the yellow tube top Repeat until the sample reaches the top and fills it completely.

4.

=

Screw the purple cap back onto the yellow tube top until tightly closed.

5.

@-}

Shake the sealed tube as hard and fast as possible in a back and forth motion for a minimum of 30 seconds.

Fag A fp b
6.

The faecal sample will be mixed with the stabilizing liquid in the tube; not all particles will dissolve.

OFFICIAL SENSITIVE Commercial
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Date: ..c.ovveeviimmrnnnnen.

Study 6189

Animal information

Species (rhesus, cyno
(Mauritian/Indonesian)

ID -

D.O.B

Age

Reason for cull:

| Ex breeder, sustained ill health or other (please provide details )

(Tick to indicate sam

les collectedf}

acutainer SST Il vacutainer,
mber lid

sample Tube/sample description Laboratory Records of
* procedure Worksheet ref:
(Tick for yes, X for no, if
no fill in comments hox
at bottom for reason)
Serum llect 4 ml into BD

.Collect 2 ml into BD

Vacutainer EDTA, lilac lid

2 half semicircles samples
snap frozen on dry ice.

2 half semi-circle places into
10% NBF

Duodenum stool into
Omnigene -Gut tube ambient

Duodenum stool into large
universal -large Eppendorf
tube frozen

OFFICIAL SENSITIVE

Commercial in confidence

1



Public Health
England

Study 6189

Jejunum

2 half semi-circles samples
snap frozen 2 on dry ice.

2 half semi-circle places into
10% NBF

Puodenum stool into
Omnigene -Gut tube ambient

Duodenum stool into large
universal -large Eppendorf
tube frozen

lleum

2 half semi-circle samples
snap frozen on dry ice.

2 half semi-circle places into
10% NBF

lieum stool into Omnigene «
Gut tube ambient

lleum stool into large _'
universal -large Eppendorf
tube frozen

Caecal content

Caecal stool into Iarge,
universal !arge Eppe dorf
tube frozen ..~ ¢

Proximal colon

cles samples
.on:dry ice.

2 haif ‘semi- cu'cle places into
10%:NBE. .

<[ Proximal colon stool into
:Omnigene -Gut tube ambient

:Eirdximal colon stool into
large universal -large
Eppendorf tube frozen

2 half semicircles samples
snap frozen on dry ice.

2 half semi-circle places into
10% NBF

Distal colon stool into
Omnigene -Gut tube ambient

Distal colon stool into large
universal -large Eppendorf
tube frozen

OFFICIAL SENSITIVE
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Brain (after
flushing)

Separate hemisphere, place
both hemispheres into NBF.

Eyes

One retina to be fixed 1h then
transferred to PBS-azide

One retina to be shap frozen

Total number of
samples

36

Reason for failure to

collect sample,

Operator/date.............

OFFICIAL SENSITIVE
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Appendix 2. FIJlI/Imaged macro to analyse Iba1® cell density using 4 ROls

// 20X Ibal microglial density macro

// MAKE SURE THERE IS NOTHING IN YOUR IMAGE FOLDER EXCEPT THE IMAGES YOU
WANT TO ANALYSE

// OTHER FILES, FOLDERS, ETC. WILL BE INCLUDED IN THE LOOP AND CREATE
DUPLICATES OF YOUR ANALYSIS

//Prompts you to select your 20X image folder .tif files

image folder = getDirectory("Select your image folder");

output folder = getDirectory("Select your output folder for processed
images.");

//RETRIEVES THE LIST OF IMAGE FILES AND BEGINS MACRO LOOP
imagelist = getFilelist (image folder);
n = image folder.length;
//Batch Mode
setBatchMode (false) ;
for(i = 0;i<n;i++) {
open (image folder+imageList[i]);

// Clear the ROI Manager
roiManager ("reset") ;

filename = getInfo("image.filename");
selectWindow (filename) ;

run ("Duplicate...", "™ ");

run ("Enhance Contrast", "saturated=0.35");
run ("Apply LUT");

run ("Despeckle") ;

setAutoThreshold ("Default dark");

// Set threshold

// run ("Threshold..."); // uncomment this section the 1%t time
the macro is run to set threshold manually

// title = "WaitForUserDemo";

// msg = "If necessary, use the \"Threshold\" tool to\nadjust the
threshold, then click \"OK\".";

// waitForUser (title, msqg);

setThreshold (12000, 65535);
setOption ("BlackBackground", false);
run ("Convert to Mask"):;

run ("Despeckle") ;

// CREATE ROIs

makeOval (3563, 7886, 2000, 2000);
roiManager ("Add") ;

makeOval (4247, 6650, 2000, 2000);
roiManager ("Add") ;

makeOval (4379, 5438, 2000, 2000);
roiManager ("Add") ;

makeOval (4259, 4130, 2000, 2000);
roiManager ("Add") ;

// Display ROIs and wait for user interaction to move them

226



roiManager ("Show Al11l");

title = "WaitForUserROI";

msg = "Move ROIs if necessary, then click \"OK\".";
waitForUser (title, msg);

// Perform particle analysis on each ROI separately

//roiManager ("Select All");

//run ("Analyze Particles...", "size=20-Infinity pixel
circularity=5.00-1.00 display summarize add");

//run ("Clear Results");

// Set common properties for each ROI after particle analysis
RoiManager.setGroup (0) ;

RoiManager.setPosition (0) ;

roiManager ("Set Color", "blue");

roiManager ("Set Line Width", 0);

// Analyse particles

roiManager ("Select", 0);

run ("Analyze Particles...", "size=20-Infinity pixel
circularity=5.00-1.00 display summarize add");

roiManager ("Select", 1);

run ("Clear Results");

run ("Analyze Particles...", "size=20-Infinity pixel
circularity=5.00-1.00 display summarize add");

roiManager ("Select", 2);

run ("Analyze Particles...", "size=20-Infinity pixel
circularity=5.00-1.00 display summarize add");

roiManager ("Select", 3);

run ("Analyze Particles...", "size=20-Infinity pixel
circularity=5.00-1.00 display summarize add");

//save file

saveAs ("Jjpeg",output folder+File.separator+"Density "+filename) ;
// Close the image

close () ;

}

// Set Batch Mode back to true after the loop
setBatchMode (true) ;
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Appendix 3. Overview of samples included within the analysis in Chapter 4

ID Age Group  Age (Years) Sex ?{?argizlr? g?:;[t.:
037KJC Young 4 M PC Healthy
037KJC Young 4 M DC Healthy
037KJC Young 4 M Duodenum Healthy
037KJC Young 4 M Jejunum Healthy
M293I1D Young 4 F Caecum Healthy
M293I1D Young 4 F lleum Healthy
M293I1D Young 4 F Duodenum Healthy
M293I1D Young 4 F Jejunum Healthy
M293I1D Young 4 F PC Healthy

BD566GDH Young 5 M Caecum Healthy
BD566GDH Young 5 M PC Healthy
BD566GDH Young 5 M lleum Healthy
BD566GDH Young 5 M Jejunum Healthy
BD566GDH Young 5 M DC Healthy
BD566GDH Young 5 M Duodenum Healthy
BD566GDH Young 5 M Faecal Healthy
M838DC Young 6 M Caecum Healthy
M838DC Young 6 M DC Healthy
M838DC Young 6 M Duodenum Healthy
M838DC Young 6 M lleum Healthy
M497BF Adult 8 F lleum Healthy
M497BF Adult 8 F Jejunum Healthy
M497BF Adult 8 F PC Healthy
M497BF Adult 8 F DC Healthy
M497BF Adult 8 F Duodenum Healthy
I050DF Adult 9 F Caecum Healthy
I050DF Adult 9 F lleum Healthy
I050DF Adult 9 F Duodenum Healthy
I1320FC Adult 10 F lleum Healthy
1321BH Adult 10 F Caecum Healthy
1321BH Adult 10 F PC Healthy
Z672D Adult 10 F Caecum Healthy
Z672D Adult 10 F Duodenum Healthy
Z672D Adult 10 F Jejunum Healthy
M972H-A* Adult 10 F Faecal Obese
M972H-B* Adult 10 F Faecal Obese
G30 - F1 Adult 10 F Faecal Healthy
G30-F2 Adult 10 F Faecal Healthy
1321BG Adult 11 F Duodenum Healthy
1321BG Adult 11 F Jejunum Healthy
BD556GE Aged 13 F Caecum Healthy
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BD556GE
BD556GE
BD556GE
BD556GE
1153CE
1153CE
1153CE
1153CE
1153CE
M139F
M139F
M139F
M139F
M139F
M139F
M1116D
M1116D
M1116D
M1116D
M1116D
M1116D
M139E
M139E
M139E
M139E
M139E
M1464F
M1464F
M1464F
M1464F
M1464F
M1464F
M736G
M736G
M736G
M736G
M7012E
M7012E
M7012E
M871C
M871C
M871C
M895BA
M895BA
M895BA

Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged

13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
15
15
15
15
15
15
15
15
15
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PC
DC
Duodenum
lleum
Caecum
DC
lleum
Duodenum
Jejunum
Caecum
PC
DC
Duodenum
lleum
Jejunum
Caecum
PC
DC
Duodenum
lleum
Jejunum
Caecum
lleum
PC
Duodenum
Jejunum
Caecum
PC
DC
Duodenum
lleum
Jejunum
PC
lleum
DC
Duodenum
Caecum
DC
Duodenum
Caecum
PC
DC
Caecum
PC
DC

Healthy
Healthy
Healthy
Healthy
Diabetic
Diabetic
Diabetic
Diabetic
Diabetic
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Diabetic
Diabetic
Diabetic
Diabetic
Diabetic
Diabetic
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
Healthy



M895BA Aged 15 F Duodenum Healthy
M895BA Aged 15 F lleum Healthy
M895BA Aged 15 F Jejunum Healthy
1007CB Aged 16 F Caecum Healthy
1007CB Aged 16 F DC Healthy
1007CB Aged 16 F lleum Healthy
1007CB Aged 16 F Jejunum Healthy
1007CB Aged 16 F Duodenum Healthy
1142BD Aged 16 F Caecum Healthy
1142BD Aged 16 F PC Healthy
1142BD Aged 16 F DC Healthy
1142BD Aged 16 F Duodenum Healthy
1142BD Aged 16 F Jejunum Healthy
[150E Aged 17 F Caecum Healthy
[150E Aged 17 F PC Healthy
[150E Aged 17 F Duodenum Healthy
[150E Aged 17 F Jejunum Healthy
[150E Aged 17 F lleum Healthy
[150E Aged 17 F DC Healthy
[150E Aged 17 F Faecal Healthy
M224C Aged 18 F Caecum Healthy
M224C Aged 18 F PC Healthy
M224C Aged 18 F DC Healthy
M224C Aged 18 F Duodenum Healthy
M972-A* Aged 19 F Faecal Obese
M972-B* Aged 19 F Faecal Obese
M224 Aged 20 F Caecum Healthy
M224 Aged 20 F PC Healthy
M224 Aged 20 F lleum Healthy
M224 Aged 20 F Jejunum Healthy
M224 Aged 20 F DC Healthy
MHC2 - F1 Aged 15-16 F Faecal Healthy
MHC2 - M1 Aged 15-16 M Faecal Healthy

* Duplicate samples

PC — Proximal Colon; DC — Distal Colon
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Appendix 4.
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Appendix 4. Number of WGS reads per metagenomic sample (A) pre- and (B) post- removal of

reads mapping to the host genome.
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Appendix 5. Prokaryotic species-level alpha diversity across different age

groups
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Appendix 5. Species-level alpha diversity measures of the intestinal microbiota across different
regions of the intestinal tract in healthy cynomolgus macaques of varying ages. Alpha diversity is
assessed using three metrics: (A) Chao1 index (B) Inverse Simpson’s index (C) Shannon’s index.
Age groups are defined as 4-7 years (Young), 8-12 years (Adult) and 13-20 years (Aged).
Statistical differences between groups were assessed by Kruskal-Wallis test for comparisons
among three age groups and unpaired two-samples Wilcoxon test for comparisons between two
age groups. Significance was determined at p < 0.05. * denotes a significant difference between
groups. Proximal Colon, PC; Distal Colon, DC.
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Appendix 6. Summary of statistical tests applied to region-specific
assessments of the effect of age on intestinal prokaryotic alpha diversity

A. Chao1
Test | Region [Chi_squared| df |W_statistic| p_value |Significant
Kruskal-
Wallis J 2.7 2 NA 0.2592
Kruskal-
Wallis | 1.2 2 NA 0.5488
Kruskal- | 17844 | 2 NA | 0.4098
Wallis
Kiuskal- | oo | 4507 | 2 | NA | 0467
Wallis
Wilcoxon| DC NA NA 19 0.85

B. Inverse Simpson

Test | Region [Chi_squared| df |W_statistic| p_value [Significant

Kruskal-

usal | 27 2 NA | 02502
Kruskal-1 | 089333 | 2 NA | 06398
Wallis

Kruskal- 1 22381 | 2 NA | 03266
Wallis

Kruskal- | 50 | 030073 | 2 NA | 0851

Wallis
Wilcoxon| DC NA NA 2 |oo03764] *
C. Shannon

Test | Region |Chi_squared| df |W_statistic| p_value [Significant
Kruskal-

Vol B 03 2 NA | 0.8607
Kruskal-| 037333 | 2 NA | 0.8207
Wallis

Kruskal-1 20748 | 2 NA | 0.3544
Wallis

Kruskal- | oo | 551818 | 2 NA | 07718
Wallis
Wilcoxon| DG NA NA 5 005084

Test: The type of test performed (Kruskal-Wallis or unpaired two-samples Wilcoxon test)

Region: The region assessed for each test (Duodenum, D; Jejunum, J; Caecum, C, Proximal
Colon, PC; Distal Colon, DC)

Chi_squared: The Kruskal-Wallis chi-squared statistic (NA for Wilcoxon test)

df: Degrees of freedom for Kruskal-Wallis test (NA for Wilcoxon test)

W._statistic: The W statistic for the Wilcoxon test (NA for Kruskal-Wallis tests)

p_value: The p-value for each test

Appendix 6. Summary of the statistical test results applied to the region-specific assessments of
species-level alpha diversity in the intestinal microbiota of healthy cynomolgus macaques across
different age groups. Alpha diversity was assessed using three metrics: (A) Chao1 index, (B)

Inverse Simpson’s index, (C) Shannon’s index. Significance was determined at p < 0.05.
Duodenum, D; Jejunum, J; Caecum, C, Proximal Colon, PC; Distal Colon, DC.
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Appendix 7. Summary of statistical tests applied to assessments of
prokaryotic alpha diversity across different intestinal regions

A Chao1 B Inverse Simpson
Comparison| Value p-value |Significant Comparison| Value p-value |Significant
C-DC  |182.4902| 9.48E-07 * C-DC  |1.446509 0.001717 *
C-l -202.049| 1.09E-05 * C-l -0.50946 | 0.351832
C-J -257.092 | 3.88E-05 * C-J -1.28235| 0.094536
C-PC  |157.3409| 2.67E-05 * C-PC  [1.533441] 0.001557 *
DC-C -182.49 | 9.48E-07 * DC-C |-1.44651]0.001717 *
DC-I -384.54 | 3.08E-11 * DC-I -1.95597] 0.001271 *
DC-J -439.582 | 1.70E-09 * DC-J -2.72885] 0.000891 *
DC-PC |-25.1493| 0.460394 DC-PC |0.086933| 0.851891
I-C 202.0494| 1.09E-05 * 1-C 0.509457] 0.351832
I-DC 384.5395| 3.08E-11 * I-DC 1.955966( 0.001271 *
I-J -55.0425| 0.347396 I-J -0.77289] 0.335388
I-PC 359.3902| 2.57E-10 * I-PC 2.042898| 0.000976 *
J-C 257.0919| 3.88E-05 * J-C 1.282345( 0.094536
J-DC 439.582 | 1.70E-09 * J-DC  |2.728854| 0.000891 *
J-l 55.04252| 0.347396 J-l 0.772888] 0.335388
J-PC  |414.4327| 7.58E-09 * J-PC  |2.815787| 0.000695 *
PC-C |-157.341| 2.67E-05 * PC-C [-1.53344] 0.001557 *
PC-DC |25.14931| 0.460394 PC-DC |-0.08693| 0.851891
PC-I -359.39 | 2.57E-10 * PC-| -2.0429 | 0.000976 *
PC-J -414.433 | 7.58E-09 * PC-J -2.81579] 0.000695 *
C Shannon

Comparison| Value p-value |Significant
C-DC |0.670645| 0.000126 *
C-l -0.85187| 0.000122 *
C-J -1.24415| 5.92E-05 *
C-PC ]0.680508| 0.000196 *
DC-C |-0.67064| 0.000126 *
DC-I -1.52251| 8.41E-09 *
DC-J -1.9148 | 3.67E-08 *
DC-PC ]0.009863| 0.953887
I-C 0.851866| 0.000122 *
I-DC 1.522511| 8.41E-09 *
I-J -0.39229| 0.184806
I-PC 1.532374| 1.04E-08 *
J-C 1.244152| 5.92E-05 *
J-DC 1.914797| 3.67E-08 *
J-l 0.392286| 0.184806
J-PC 1.92466 | 3.80E-08 *
PC-C |-0.68051] 0.000196 *
PC-DC |-0.00986 | 0.953887
PC-I -1.53237| 1.04E-08 *
PC-J -1.92466 | 3.80E-08 *

Appendix 7. Summary of the statistical test results applied to assessments of species-level alpha
diversity in the intestinal microbiota of healthy cynomolgus macaques across different intestinal
regions. Alpha diversity was assessed using three metrics: (A) Chao1 index, (B) Inverse
Simpson’s index, (C) Shannon’s index. Statistical analysis was carried out using linear-mixed
effect models and significance was determined at p < 0.05. p-values were adjusted using BH
corrections for multiple comparisons. Duodenum, D; Jejunum, J; Caecum, C, Proximal Colon,
PC; Distal Colon, DC.
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Appendix 8. Summary of PERMANOVA pairwise comparisons of Bray-Curtis
dissimilarity of the prokaryotic component of the intestinal microbiota

A Comparison p.value Significant
Young-Aged 1
Young-Adult 1
Aged-Adult 1
B Comparison p.value Significant
DC-PC 1
DC-C 0.001 *
DC-I 0.001 *
DC-J 0.003 *
PC-C 0.003 *
PC-I 0.001 *
PC-J 0.001 *
C-l 0.001 *
C-J 0.001 *
I-J 0.455

Appendix 8. Summary of PERMANOVA pairwise comparisons of Bray-Curtis dissimilarity in the
intestinal microbiota of healthy cynomolgus macaques. Results show the effect of (A) age-group
and (B) intestinal region on microbial community composition. P-values were adjusted using BH
correction for multiple comparisons. Significance was determined at p < 0.05. Age groups are
defined as 4-7 years (Young), 8-12 years (Adult) and 13-20 years (Aged). Duodenum, D;
Jejunum, J; Caecum, C, Proximal Colon, PC; Distal Colon, DC.
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Appendix 9. Overview of samples included within the analysis in Chapter 5

ID Age Group  Age (Years) Sex Sample Region g;ﬁgg
037KJC Young 4 M Duodenum Healthy
037KJC Young 4 M Jejunum Healthy
037KJC Young 4 M Caecum Healthy
037KJC Young 4 M Proximal Colon Healthy
037KJC Young 4 M Distal Colon Healthy
M293I1D Young 4 F Duodenum Healthy
M293I1D Young 4 F Jejunum Healthy
M293I1D Young 4 F lleum Healthy
M293I1D Young 4 F Caecum Healthy
M293I1D Young 4 F Proximal Colon Healthy
M293I1D Young 4 F Distal Colon Healthy
M838DC Young 6 M Caecum Healthy
M497BF Adult 8 F Caecum Healthy
M497BF Adult 8 F Proximal Colon Healthy
I050DF Adult 9 F Duodenum Healthy
I050DF Adult 9 F lleum Healthy
I050DF Adult 9 F Caecum Healthy
I1320FC Adult 10 F Duodenum Healthy
I1320FC Adult 10 F Jejunum Healthy
I1320FC Adult 10 F Caecum Healthy
1321BH Adult 10 F Caecum Healthy
1321BH Adult 10 F Proximal Colon Healthy

Z672D Adult 10 F Duodenum Healthy
Z672D Adult 10 F Jejunum Healthy
Z672D Adult 10 F lleum Healthy
Z672D Adult 10 F Caecum Healthy
Z672D Adult 10 F Proximal Colon Healthy
Z672D Adult 10 F Distal Colon Healthy
1321BG Adult 11 F Duodenum Healthy
1321BG Adult 11 F Jejunum Healthy
BD566GE Aged 13 F Caecum Healthy
BD566GE Aged 13 F Proximal Colon Healthy
BD566GE Aged 13 F Distal Colon Healthy
1153CE Aged 13 F Jejunum Diabetic
1153CE Aged 13 F lleum Diabetic
1153CE Aged 13 F Distal Colon Diabetic
M139F Aged 13 F Caecum Healthy
M139F Aged 13 F Proximal Colon Healthy
M139F Aged 13 F Distal Colon Healthy
M139E Aged 14 M Duodenum Healthy
M139E Aged 14 M lleum Healthy
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M1464F
M1464F
M1464F
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M736G
M736G
M736G
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Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
Aged
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Aged
Aged
Aged

14
14
14
14
14
14
14
14
14
14
20
20
20
20
20
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Caecum
Proximal Colon
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Appendix 10. Fungal species-level alpha diversity across different age groups

A Duodenum Jejunum lleum Caecum PC DC
r N 120 80
0 or ‘ 807 = b,
100 o
30
751 100 0 604 e 60 3
-~ > h
(o]
[
& & 60
- -1 D
20 > % 50 401 ) 40
é 50+ )
]
lo} 254 b = ﬁ o 30 204
101 ° o 207 o
YoungAdult Aged YoungAdult Aged YoungAdult Aged YoungAdult Aged YoungAdult Aged YoungAdult Aged
Age Group
B q q ) 81 ) ST
41 3.0+ 2.54
7.54 4
§ 2.54 ®
g 31 o) 2.04
n 3 )
) 5.0
] 201 = 4
g )
21 { < 1.54
£ | o o] o 5
o 1.5 25{ @ . N ﬁ ﬂ
- ‘ . -
Ny rol J L ® | | L, = .
YoungAdult Aged YoungAdult Aged YoungAdult Aged YoungAdult Aged YoungAdult Aged YoungAdult Aged
Age Group
15 %q R 2.04 154
21 2
1.07 1.5 R o
c 9
8 1.0 1.04
s | ° - !
e J
»n 14 °of 1.0
P 0.5+ 0.5
0.5 D ’
§ 0.5 -
D
| * | | | 4 04 , e 04 ~ ' ! | | ' 0.0 | ,
YoungAdult Aged YoungAdult Aged YoungAdult Aged YoungAdult Aged YoungAdult Aged YoungAdult Aged
Age Group

Appendix 10. Species-level alpha diversity measures of the intestinal mycobiota across different
regions of the intestinal tract in healthy cynomolgus macaques of varying ages. Alpha diversity
is assessed using three metrics: (A) Chao1 index (B) Inverse Simpson’s index (C) Shannon’s
index. Age groups are defined as 4-7 years (Young), 8-12 years (Adult) and 13-20 years (Aged).
Statistical differences between groups were assessed by Kruskal-Wallis test for comparisons
among three age groups, * = p<0.05. Multiple pairwise comparisons were performed using
Wilcoxon rank sum test with BH corrections for multiple comparisons where necessary.
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Appendix 11. Summary of statistical tests applied to assessments of fungal
alpha diversity across different intestinal regions

A Chao1 B Inverse Simpson
(Comparison| Value p-value [Significant [Comparison| Value p-value |Significant
C-DC -7.1007 | 0.425748 C-DC -0.39649| 0.386181
C-D -40.4501| 0.000122 * C-D -0.62894| 0.201356
C-l -0.56214 | 0.954466 C-l 0.273723| 0.590068
C-J -13.8144 | 0.153468 C-J -0.25954 | 0.599392
C-PC -6.68752 | 0.419481 C-PC -0.05801| 0.890492
DC-C  |7.100696 | 0.425748 DC-C  [0.396495| 0.386181
DC-D -33.3494 | 0.00236 * DC-D -0.23244] 0.659901
DC-I 6.538552| 0.52923 DC-I 0.670218| 0.21165
DC-J -6.71368 | 0.507473 DC-J 0.136957( 0.791889
DC-PC  [0.413181| 0.963694 DC-PC  |0.338486| 0.467108
D-C 40.45014 0.000122 * D-C 0.628935( 0.201356
D-DC  |33.34944| 0.00236 * D-DC 0.23244 | 0.659901
D-I 39.888 | 0.000559 * D-l 0.902658| 0.101881
D-J 26.63576| 0.011727 * D-J 0.369398| 0.474382
D-PC  [33.76262| 0.001391 * D-PC 0.570926| 0.262791
I-C 0.562143| 0.954466 I-C -0.27372| 0.590068
I-DC -6.53855| 0.52923 I-DC -0.67022| 0.21165
1-D -39.888 | 0.000559 * I-D -0.90266 | 0.101881
1-J -13.2522| 0.215228 I-) -0.53326| 0.32751
I-PC -6.12537 | 0.544645 I-PC -0.33173| 0.523402
J-C 13.81438| 0.153468 J-C 0.259538| 0.599392
J-DC 6.713679| 0.507473 J-DC -0.13696 | 0.791889
J-D -26.6358 | 0.011727 * J-D -0.3694 | 0.474382
J-l 13.25223| 0.215228 J-l 0.533261| 0.32751
J-PC 7.12686 | 0.468513 J-PC 0.201529| 0.690393
PC-C  [6.687515| 0.419481 PC-C 0.058009| 0.890492
PC-DC [-0.41318| 0.963694 PC-DC [-0.33849] 0.467108
PC-D -33.7626 | 0.001391 * PC-D -0.57093| 0.262791
PC-I 6.125372| 0.544645 PC-| 0.331732| 0.523402
PC-J -7.12686 | 0.468513 PC-) -0.20153| 0.690393
C Shannon

(Comparison| Value p-value |Significant
C-DC__ |-0.02076 | 0.893736
C-D -0.11114 | 0.506674
C-l -0.00084 | 0.996122
C-J 0.019192]| 0.909756
C-PC__ [-0.00853 | 0.95263
DC-C_ [0.020763 0.893736
DC-D  [-0.09037 | 0.617263
DC-I 0.01992 | 0.912338
DC-J  [0.039956( 0.821795
DC-PC_10.012234) 0.938259
D-C 0.111135( 0.506674
D-DC  [0.090372( 0.617263
D-l 0.110292 0.550931
D-J 0.130328( 0.458316
D-PC__ |0.102607| 0.554465
I-C 0.000844 | 0.996122
I-DC -0.01992 | 0.912338
I-D -0.11029 | 0.550931
1-J 0.020036 | 0.913453
I-PC -0.00769 | 0.965408
J-C -0.01919 | 0.909756
J-DC _ [-0.03996 | 0.821795
J-D -0.13033 | 0.458316
J-l -0.02004 | 0.913453
J-PC -0.02772 0.872877
PC-C_ |0.008529| 0.95263
PC-DC _|-0.01223 0.938259
PC-D  |-0.10261 0.554465
PC-I 0.007685 | 0.965408
PC-J  [0.027721| 0.872877

Appendix 11. Summary of the statistical test results applied to assessments of species-level alpha
diversity in the intestinal mycobiota of healthy cynomolgus macaques across different intestinal
regions. Alpha diversity was assessed using three metrics: (A) Chao1 index, (B) Inverse Simpson’s
index, (C) Shannon’s index. Statistical analysis was carried out using linear-mixed effect models and
significance was determined at p < 0.05. p-values were adjusted using BH corrections for multiple
comparisons. Duodenum, D; Jejunum, J; Caecum, C, Proximal Colon, PC; Distal Colon, DC.
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Appendix 12. Images of C. albicans cells in both yeast and hyphal form

Appendix 12. C. albicans cells in both yeast and hyphal form in brain samples spiked with live
C. albicans cultures are stained cyan by calcofluor white. No such yeast cells or hyphae were
detected in brain sections of untreated GF or young or aged untreated SPF mice. This figure also
appeared in Parker, James et al. (2022) and is reproduced with permission.
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10.3390/jof8101054.

Parker, A., S. James, C. Purse, A. Brion, A. Goldson, A. Telatin, D. Baker, and S. Carding,
Absence of Bacteria Permits Fungal Gut-To-Brain Translocation and Invasion in Germfree Mice
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Frontiers in Aging Neuroscience, 2022. 14. DOI: 10.3389/fnagi.2022.828429.
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Abstract: The cynomolgus macaque, Macaca fascicularis, is a non-human primate (NHP) widely used
in biomedical research as its genetics, immunology and physiology are similar to those of humans.
They may also be a useful model of the intestinal microbiome as their prokaryome resembles that
of humans. However, beyond the prokaryome relatively little is known about other constituents
of the macaque intestinal microbiome including the mycobiome. Here, we conducted a region-by-
region taxonomic survey of the cynomolgus intestinal mycobiota, from duodenum to distal colon,
of sixteen captive animals of differing age (from young to old). Using a high-throughput ITS1
amplicon sequencing-based approach, the cynomolgus gut mycobiome was dominated by fungi
from the Ascomycota phylum. The budding yeast genus Kazachstania was most abundant, with
the thermotolerant species K. pintolopesii highly prevalent, and the predominant species in both the
small and large intestines. This is in marked contrast to humans, in which the intestinal mycobiota
is characterised by other fungal genera including Candida and Saccharomyces, and Candida albicans.
This study provides a comprehensive insight into the fungal communities present within the captive
cynomolgus gut, and for the first time identifies K. pintolopesii as a candidate primate gut commensal.

Keywords: mycobiome; gastrointestinal tract; cynomolgus macaque; non-human primate; fungi;
pathobiont; yeast; Kazachstania pintolopesii

1. Introduction

The cynomolgus macaque (Macaca fascicularis), also known as the long-tailed or crab-
eating macaque, is a cercopithecine primate indigenous to mainland Southeast Asia, as
well as the maritime islands of Borneo, Java, and Sumatra, and islands of the Philippines.
Like its close relative the rhesus macaque (Macaca mulatta), the cynomolgus macaque shares
behavioural, immunological, and physiological similarities, as well as a close evolutionary
relationship with humans, making this non-human primate (NHP) an important animal
model for biomedical research [1]. These similarities appear to extend to the intestinal
microbiota, with some bacterial taxa being common to both humans and non-human
primates. The phyla Bacteroidetes, Firmicutes and Proteobacteria are prominent members
of the prokaryome of both the human [2—4], and macaque gastrointestinal tract (GIT) [5-8].
Furthermore, a recent comparative metagenomic survey has shown that the gastrointestinal
(GI) microbiota of cynomolgus macaques is more like that of humans than that of either
mice or pigs [6]. Hence, these non-human primates represent a more suitable animal
model for studying biological processes such as human ageing, and how age shapes the
composition (and function) of the GI microbiota, and how this in turn affects GI physiology
and host health [9,10].

Beyond the GI prokaryome however, relatively little is known of other constituents
of the cynomolgus macaque GI microbiome and in particular, the fungal microbiome

J. Fungi 2022, 8, 1054. https:/ /doi.org/10.3390 /jof8101054

https:/ /www.mdpi.com/journal/jof


https://doi.org/10.3390/jof8101054
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jof
https://www.mdpi.com
https://orcid.org/0000-0002-6024-1792
https://orcid.org/0000-0001-7619-281X
https://orcid.org/0000-0003-2126-7436
https://orcid.org/0000-0002-2383-9701
https://doi.org/10.3390/jof8101054
https://www.mdpi.com/journal/jof
https://www.mdpi.com/article/10.3390/jof8101054?type=check_update&version=4

J. Fungi 2022, 8, 1054

20f13

(mycobiome). Whilst typically present in low abundance [11], enteric fungi nevertheless
interact with both the prokaryome as well as host cells to alter host immunity, and can
exacerbate the severity of several human diseases, including inflammatory bowel disease
(IBD) and colorectal cancer [12-19]. A recent study characterising the oral and faecal
mycobiomes of wild and captive Thai cynomolgus macaques, represents the first and
only such study to date [20], revealing wild macaques have a significantly higher fungal
alpha diversity than their captive counterparts. Overall, most fungi in the faecal (and oral)
mycobiome, which is a surrogate of the intestinal mycobiome, of these primates belonged to
the Ascomycota phylum, with the cynomolgus faecal mycobiota dominated by the budding
yeast genus Kazachstania. Thermotolerant members of this genus and those belonging to
the K. telluris species complex (incl. K. bovina, K. pintolopesii, K. slooffiae and K. telluris), are
often found in the GIT of cows, pigs and rodents [21-26].

In the present study, we employed a high-throughput internal transcribed spacer region 1
(ITS1) amplicon sequencing approach, using an established ITS1 primer set [27,28], to conduct
a comprehensive region-by-region taxonomic survey of the cynomolgus macaque intestinal
mycobiota, from duodenum to distal colon, in a cohort of young, adult, and aged captive
animals. Our goal was to gain a better insight into the composition and diversity of the fungal
communities populating the GIT of this biomedically important NHP species, investigate how
they change with age and identify candidate fungal GIT commensals.

2. Materials and Methods
2.1. Animals

Sixteen clinically healthy cynomolgus macaques were included in the study. The
animals ranged from 4 to 20 years in age and were categorized into young (<7 years), adult
(8 to 12 years), or aged (13 years or older) (see Table S1). All animals housed and bred at
the UKHSA facility are derived from either Mauritian or South East Asia origin. No new
animals have been introduced to these colonies since 2004. The colonies are licensed by the
UK Home Office to breed, supply and use macaques for scientific research (Establishment
license no. XBF9440B0). The breeding colonies are maintained to the highest standard
in terms of animal welfare, health status, genetic profile, and behavioural compatibility,
compliant with the UK Home Office Code of Practice for the Housing, and Care of Animals
Bred, Supplied or Used for Scientific Purposes, 2014. This is achieved through facilities that
provide an enriched and complex environment which meets the behavioural needs of the
animals. The cynomolgus macaques are held in either harem breeding groups, or single
sex, age matched holding groups. Their accommodation is a climate controlled, multiple
room, solid floor caging system. Most groups also have access to an external ‘extension’
pen that is not climate controlled and open to the elements. All larger rooms have complex
enrichment. Deep litter bedding is provided in the largest of these rooms. Water and a
complete primate diet is provided ad lib. Fresh fruits, vegetables and pulses are provided
daily as enrichment.

2.2. Sample Collection and DNA Extraction

All animals used in this study were required to be euthanized as part of normal
colony management needs and requirements. Identified animals were initially sedated
with ketamine hydrochloride at a dose of 10 mg/kg before exsanguination and euthanasia
via intracardial injection with sodium pentobarbital at a dose of 80 mg/kg for elderly and
120-160 mg/kg for younger NHPs. All procedures were conducted under the authority
and in compliance with a UK Homes Office project license. Luminal contents were collected
from each GIT region of each animal and immediately frozen prior to transfer on dry ice to
the laboratory for storage at —70 °C prior to processing. Total microbial DNA was extracted
from ~200 mg of lumen content using the QlAamp PowerFecal Pro DNA kit (QIAGEN)
and following the manufacturer’s protocol. In addition, all samples were homogenized
using a FastPrep-24 benchtop tissue homogenizer (MP Bio) at 6.0 m/s for 1 min. This step
was included to aid fungal cell wall disruption to improve fungal DNA recovery. Extracted
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DNA was quantified, and quality checked using the Qubit 3.0 fluorometer and associated
Qubit dsDNA BR Assay Kit (Invitrogen). DNA samples were stored at —20 °C prior to
further analysis.

2.3. ITS1 Amplification, Library Preparation and Sequencing

The fungal ITS1 region was amplified from 100 ng of template DNA by PCR using
the ITS1F and ITS2 primer set [29,30], with each primer modified at the 5’ end to include
an Illumina adapter tail using the following amplification conditions: 94 °C for 5 min;
35 cycles of 92 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s; and a final extension of 72 °C
for 5 min. Amplification reactions were set up in duplicate for each faecal DNA sample,
and positive and negative controls were also included in each PCR run (see Section 2.5).
Following ITS1 PCR, a 0.7 x SPRI purification using KAPA Pure Beads (Roche, Wilmington,
MA, USA) was performed and the purified DNA was eluted in 20 pL of EB buffer (10 mM
Tris-HCI). In a second PCR, library index primers were added using a Nextera XT Index
Kit v2 (Illumina, Cambridge, UK) and amplified using the following conditions: 95 °C for
5 min: 10 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s; and a final extension of
72 °C for 5 min. Following PCR, libraries were quantified using the Invitrogen™ Quant-
iT dsDNA high sensitivity assay kit (Thermo Fisher, Waltham, MA, USA) and run on
a FLUOstar Optima plate reader (BMG Labtech, Aylesbury, UK). Libraries were pooled
following quantification in equal quantities. The final pool was SPRI cleaned using 0.7 x
KAPA Pure Beads, quantified on a Qubit 3.0 fluorometer and run on a High Sensitivity
D1000 ScreenTape (Agilent Inc, Santa Clara, CA, USA) using the Agilent Tapestation 4200
to calculate the final library pool molarity. The pool was then run at a final concentration of
8 pM, on an Illumina MiSeq instrument using the MiSeq® v3 (2x 300 bp) Kit (Illumina) at
at the Quadram Institute Bioscience, Norwich. The raw data were analysed using MiSeq
reporter. A mean sequence depth of 123,710 reads/sample was achieved; samples with
fewer than 10,000 filtered sequences were excluded from further analysis (see Table S2).

2.4. Mycobiome Characterization

INlumina MiSeq reads were analysed using the automated pipeline Dadaist2, a dedi-
cated workflow for ITS profiling [31]. The quality profile of the raw reads (in FASTQ format)
was assessed using SeqFu 1.9.3 [32], followed by primer removal using Cutadapt 3.5 [33]
and quality filtering via Fastp 0.20.0 [34]. Locus-specific primers and conserved flanking
regions were removed using ITSxpress [35]. The identification of representative sequences
was performed using DADAZ2 [36], to produce a set of amplicon sequence variants (ASVs),
and their taxonomic assignment was determined using the UNITE Fungal ITS database
(release 8.3) [37]. The multiple alignment of the representative sequences was performed
using ClustalO [38] and the guide tree was produced using FastTree [39]. Data normal-
ization and diversity were produced using the Rhea scripts [40]. The output feature table,
taxonomic classification, phylogeny and metafiles were exported and further analysed us-
ing PhyloSeq [41], MicrobiomeAnalyst [42], and the built-in plotting provided by Dadaist2
(via MultiQC [43]).

The raw Illumina ITS1 sequence data produced by the present study have been
deposited at the European Nucleotide Archive (EBI), under the Project accession number
PRJEB54860. Metadata and supporting scripts are available from the GitHub repository
https:/ / github.com/quadram-institute-bioscience/nhp-gut (22 July 2022).

2.5. Inclusion of Controls

Controls were included at each stage of the study. During DNA extraction, an empty
bead-beating tube was included and treated the same as tubes containing luminal content
and was quantified similarly. This extraction control was included in the initial ampli-
con PCR to assess that no ITS1 amplicon was produced. Negative (microbial DNA-free
H,0O) and positive controls (50 ng K. telluris DNA) were included in each PCR run. Li-
braries were also prepared from the DNA extraction control and from single fungal species
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DNAs (C. albicans and K. telluris) and were used as pipeline controls in the downstream
bioinformatic analyses.

3. Results
3.1. Ascomycetous Fungi Dominate the Captive Cynomolgus Gastrointestinal Tract
(GIT) Mycobiome

Fungal community profiling of the luminal contents of the duodenum to distal colon of
a cohort of 16 captive macaques (NHP1 to NHP16) was performed using high-throughput
internal transcribed spacer 1 (ITS1) amplicon sequencing and a DNA extraction protocol
we developed and optimised to characterise the preterm infant GIT mycobiome [44]. The
macaques ranged from 4 to 20 years in age and categorized into young (<7 years), adult (8 to
12 years), or aged (>13 years) (Table S1). A total of 6,927,777 quality trimmed ITS1 reads
were obtained from 56 lumen samples, ranging from 14,599 (NHP 1, distal colon) to 248,538
(NHP7, caecum), with a sample average of 123,710 reads (Table S2). Over 700 unique
amplicon sequence variants (ASVs) were identified, although only 134 ASVs had a relative
abundance of 0.01% or more. Collectively, this set of ASVs accounted for 99% of all ITS1
reads and was selected for subsequent taxonomic analyses to determine the composition
and relative abundance of the fungal microbiota (mycobiota) in the separate intestinal sites
of each macaque. The number of ASVs detected in each macaque ranged from 12 (NHP9)
to 68 (NHP2), with over a quarter of ASVs specific to a single animal (36/134; 26.9%).

One hundred and thirty fungal taxa were classified to phylum level (97%), with
the majority (95%) resolved to the genus level, and seventy-six of these (57%) to the
species level. Four taxa could not be assigned at the phylum level or below and were
classified as ‘Unidentified” (Table S3). At the phylum level, >99% of fungi belonged to
either Ascomycota or Basidiomycota, with a single taxon assigned to the Mucormycota
subphylum (Figure 1a), with Ascomycota the predominant phylum accounting for 83% of
all fungal reads (Figure 1a). In all, 85 taxa were ascomycetes, 44 were basidiomycetes, and
one was identified as a mucormycete (Mucor saturninus) (Table S3).

(a) (b)

m Kazachstania ‘

W Debaryomyces

m Wallemia
Scopulariopsis

® Rhodotorula
Other

W Ascomycota
Basidiomycota
B Mucormycota

Unknown

Figure 1. Most abundant fungi in the captive cynomolgus macaque GIT at (a) phylum, and (b) genus
level.

At the genus level, Kazachstania and Debaryomyces were the dominant genera, account-
ing for 76% of all ITS1 reads (Figure 1b). Both ascomycetous genera were detected, with
varying abundance, in all macaque samples, irrespective of age. Overall, Kazachstania
was the predominant genus, accounting for 49.0% of all ITS1 reads, and was present in
varying abundance in all intestinal samples. Other notable, but less abundant genera
included Wallemia (7.6%), Scopulariopsis (2.4%), and Rhodotorula (2.3%) (Figure 1b). Among
the ten most abundant genera found in the macaque GIT, seven were yeast genera (Candida,
Cystobasidium, Debaryomyces, Filobasidium, Kazachstania, Rhodotorula and Symmetrospora)
(Table S4).
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3.2. Fungal Community Analysis and Identification of a Core NHP Gut Mycobiome

The 134 ASVs were also used to conduct a community analysis of the fungi present in
each NHP age group. Specifically, to identify taxa (ASVs) that were specific to or found
predominantly in a particular macaque age group, as well as those shared between two
or more age groups. The analysis was restricted to those ASVs detected in at least 50% of
animals in a particular age group (51/134; Table S5). A Venn diagram was produced from
the resulting dataset (Figure 2). In total, seventeen ASVs were found predominantly in the
young macaques, seven in the adults, and one in the aged animals. Interestingly, a core set
of thirteen ASVs, representing twelve different fungal taxa, were shared between all three
age groups (Figure 2). Using type strain ITS1 sequences, ten taxa were resolved to species
level and were identified as Candida albicans, C. parapsilosis, Cutaneotrichosporon cutaneum,
Debaryomyces hansenii, Filobasidium uniguttulatum, Kazachstania pintolopesii, Pichia fermentans,
Rhodotorula mucilaginosa, Vishniacozyma carnescens and Wallemia muriae (Table S5). Amongst
these fungi, only C. albicans, C. parapsilosis, K. pintolopesii and P. fermentans are known
to grow at 37 °C (or above), and thus represent candidate cynomolgus gut commensals.
Overall, two species, namely D. hansenii and K. pintolopesii, were found in every single
macaque, irrespective of animal age (Table S5).

Young Adult
8
17 7
13 :
2 3
1
Aged

Figure 2. Venn diagram showing the number of fungal taxa (ASVs) found predominantly in each
macaque age group (diagram produced using web-based software at: https:/ /www.vanderpeerlab.
org/?q=tools/venn-diagram (16 September 2022).

3.3. Kazachstania pintolopesii and Debaryomyces hansenii Are Prevalent throughout the
Cynomolgus GIT

Within the enteric fungal communities, two yeast species, Kazachstania pintolope-
sii and Debaryomyces hansenii (Candida famata) dominated and were present throughout
the macaque GIT. Both species were present in all macaque samples irrespective of age,
and with varying abundance (Figure 3). Overall, K. pintolopesii, a thermotolerant yeast
species [22] dominated most GIT samples of adult and aged macaques (72.7%), and caecum
of one young macaque (NHP9) (Figure 3). In contrast, D. hansenii, a yeast widespread in
nature [45], dominated the GIT of two young macaques (NHP11 and NHP12) and most
intestinal samples (9/11) of three aged animals (NHP1, NHP7 and NHP10) (Figure 3).
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Figure 3. Prevalence and abundance of K. pintolopesii (Kaz) and D. hansenii (Dhans) in macaque
GIT samples.

Although luminal samples could not be obtained from each intestinal region of every
animal, samples (40) from nine animals (2 young, 3 adult and 4 aged) were used to con-
duct a comparative analysis of the most abundant fungi in the small and large intestine.
Duodenums-, jejunum- and ileum-derived samples were pooled for taxonomic profiling
of the small intestine, while the caecal and colon content samples were likewise pooled
for the large intestine analysis. Overall, the two fungal profiles were broadly similar, with
K. pintolopesii and D. hansenii being the most abundant species in both intestinal regions
(Figure 4). Two other fungi present in both intestinal regions, but in lower abundance,
were the basidiomycetes Wallemia muriae and Rhodotorula mucilaginosa. Notable differences
between the two intestinal regions included the presence of Scopulariopis brevicaulis, a soil
saprotroph, in the small intestine (Figure 4a), and presence of an Aspergillus piperis-like
species in the large intestine (Figure 4b).

(b)

m K. pintolopesii
W D. hansenii

B K. pintolopesii
B D. hansenii

W W. muriae

B Rh. mucilaginosa
Aspergillus sp.
Other

u W. muriae
S. brevicaulis

W Rh. mucilaginosa
Other

Figure 4. Comparison of the most abundant fungal taxa in the captive macaque (a) small- and,
(b) large intestines.

The caecum provided the most samples (13/16 macaques) (Table S2), enabling a
detailed comparative characterization of the fungal communities of this section of the
macaque GIT. Three distinct profiles (C1-3) were identified based upon the presence and
relative abundance of D. hansenii and K. pintolopesii (Figure 5). In the majority (C1;7/13
macaques), K. pintolopesii was the predominant species. The second commonest (C2; 5/13)
was D. hansenii, with a third profile (C3) characterized by the presence of basidiomycetous
taxa (e.g., Cystobasidium pallidum and Rh. mucilaginosa). The C3 profile was atypical and
restricted to a single adult female (NHP2) (Figure 5). In this animal, this species profile was
caecum-specific, and was not replicated in either of the other two intestinal sites analysed,
D. hansenii being predominant in the duodenum and K. pintolopesii in the ileum (Figure 3).
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Figure 5. Comparison of the caecal mycobiome of 13 captive macaques of differing age (young, adult
or aged).

3.4. Prevalence of Human-Associated Fungi

Candida such as C. albicans and C. parapsilosis are frequent members of the human
GIT mycobiota [44,46—48]. In our captive macaque cohort this genus accounted for <1% of
all fungal reads (Table S4). A total of eight Candida species were identified, including C.
albicans, C. parapsilosis and C. tropicalis, all of which are fungal pathobionts [49]. In contrast,
C. anglica, C. freidrichii, C. oleophila, C. saitoana and C. sake were considered GI transients
based on their inability to grow above 30 °C [49].

Candida parapsilosis was the most prevalent Candida sp. and except for NHP8 was
detected in all animals. C. albicans, while less prevalent (12/16) was present in all age
groups (Figure 6). For those animals for which multiple intestinal samples were available
(Table S6) these two Candida were not restricted to one region of the GIT (e.g., C. albicans in
NHP14; C. parapsilosis in NHP12) (Figure 6). In contrast, C. tropicalis was detected in only
4 GIT samples of three aged animals (NHP7, NHP15 and NHP16; Figure 6).
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Figure 6. Prevalence and abundance of Candida pathobionts in the captive macaque GIT.

Saccharomyces cerevisiae frequently found in the human GIT [47], acquired via diet
rather than by vertical transmission [50], accounted for less than 0.2% of all ITS1 reads in
NHP samples. This species was detected in varying abundance (0.02 to 4.2%; Table S6) in
only seven macaques; two young (NHP9 and NHP12), two adult (NHP2 and NHP13) and
three aged (NHP7, NHP10 and NHP15). Like Candida spp., S. cerevisiae was not restricted
to one Gl region and in NHP12 was detected in all three small intestinal sites, as well as
the caecum.
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Debaryomyces hansenii, a food-borne (dairy) yeast commonly detected in the human
GIT [45,47] was the most prevalent and abundant human-associated fungus identified in
this study. This yeast was detected in all macaques and was present in moderate to high
abundance in five macaques; two young (NHP11 and NHP12) and three aged (NHP1,
NHP?7 and NHP 10) (Figure 3; Table S6).

4. Discussion

Non-human primates, such as cynomolgus macaques represent important animal
models in microbiome research, not least for the unprecedented opportunity they offer
for gaining better insights into the biological processes (e.g., ageing) and factors (e.g.,
diet) that influence and shape the human microbiome. To date, much of this research
has concentrated on the NHP prokaryome, with relatively little attention given to the
other constituents, including intestinal fungi which are typically present in the GIT in
much lower abundance than their bacterial counterparts [11]. To begin addressing this
shortfall, we used a high-throughput ITS1 amplicon sequencing approach, that we first
developed and used to profile the preterm infant GIT mycobiome [44], to characterize
the enteric mycobiota in lumen contents collected from six intestinal sites of a cohort of
captive macaques of differing age (i.e., from young to old). The results revealed that the
cynomolgus GIT, from duodenum to distal colon, is populated by more than 50 genera,
almost exclusively from the Ascomycota and Basidiomycota phyla, with Ascomycota the
predominant phylum. This dominance, in both the macaque small- and large intestine,
was largely due to the presence of taxa from the budding yeast genera Debaryomyces and
Kazachstania, which together accounted for >70% of fungal reads in each intestinal region.

Kazachstania is the predominant genus in our captive macaque cohort, accounting
for >72% of all fungal reads, and was found with varying abundance in every animal,
and across all age groups. The dominance of this ascomycetous genus was due almost
exclusively to one species, K. pintolopesii. While K. telluris, a close relative, was found in
a limited number of macaques from each age group, it was typically present in very low
abundance (<1.0%). In contrast, K. pintolopesii was highly prevalent throughout the small-
and large intestines of each macaque. Furthermore, it was frequently the predominant
fungus, and in a third of all GIT samples, K. pintolopesii abundancy exceeds 90%.

Kazachstania is a large and diverse yeast genus comprising more than 40 species [51].
Within the genus, K. pintolopesii is closely related to K. bovina, K. heterogenica, K. slooffine and
K. telluris. Collectively, these five comprise the K. telluris species complex, a phylogenetically
distinct group of yeasts characterized by their ability to grow at elevated temperature (i.e.,
37 °C) [22]. Some representatives of K. pintolopesii can survive and grow at temperatures
as high as 42 °C [22], a physiological trait rare in yeasts. To date, most strains from this
thermotolerant species complex have been isolated from the nasal passages and GIT of birds
and mammals [21-25]. Prior to this study, the principal hosts of K. pintolopesii appeared
to be mice (captive and wild) and rats [21,22,25] with the only member of the K. telluris
species complex previously found in NHPs being K. heterogenica, which was limited to a
single strain from a young female white-handed gibbon (Hylobates lar) [52].

Debaryomyces hansenii is also highly prevalent in the captive macaque cohort. Dis-
tributed throughout the cynomolgus GIT it was the predominant fungus in both the young
and elderly animals, albeit to a lesser extent than K. pintolopesii. Despite having a lower op-
timum growth temperature than K. pintolopesii [22,45], this halotolerant food-borne (dairy)
yeast is a frequent member of the human GI mycobiome [44,48,53,54] and can be cultured
from human faeces, and is associated with ulcerative colitis (UC), Crohn’s Disease (CD)
and colorectal cancer [19,55,56]. D. hansenii produces mycocins that kill C. albicans [57] and
it was interesting to note that in three macaques where this yeast was in high abundance,
C. albicans was absent. However, given the low abundance (<1.0%) of C. albicans in the
macaque GIT it is difficult to draw any significance from these observations.

The human GIT like that of the cynomolgus macaque, is largely dominated by fungi
from the Ascomycota and Basidiomycota phyla [20,46,48,53,58,59]. However, despite this
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similarity, our study has revealed distinct differences at both the genus and species levels
between the intestinal mycobiota in humans and cynomolgus macaques. Most notable is
the predominance of the Kazachstania genus in the cynomolgus gut, with K. pintolopesii, a
fungus rarely found in humans, the dominant species throughout the cynomolgus GIT
(this study; [20]). In contrast, Candida and Saccharomyces are prominent genera in the
human intestinal mycobiome [46,48,53,58,59], often attributed to the presence of the fungal
pathobiont C. albicans and the food-borne yeast S. cerevisiae [46,48,53,58,59]. Despite being
rare in the environment [60], C. albicans is a common commensal of both the human GIT and
oral cavity, and of the vaginal mycobiome [44,48,53,61-63]. Although human-associated
fungi were detected in the cynomolgus GIT, most in low abundance (e.g., C. albicans, C.
parapsilosis and S. cerevisiae) with the exception of D. hansenii, which was highly prevalent
in the macaque cohort, and the predominant intestinal fungus in some of the young and
aged animals. In addition to its use as a dairy yeast [45], D. hansenii is ubiquitous in
nature, and frequently isolated from soil [45,64]. Thus, the presence of this ascomycete
in the cynomolgus GIT may be of environmental origin but not from the primate diet.
In contrast, the presence of P. fermentans, which was detected in many of the macaques,
albeit in low abundance, is most likely due to diet. This yeast is frequently found in food
and fruit juices [65], and so was most likely acquired from the daily supplement of fresh
fruits and vegetables given to the animals. Two basidiomycetous yeasts that were also
frequently detected were Cutaneotrichosporon cutaneum and Filobasidium uniguttulatum. Cut.
cutaneum, like other members of this genus, is a common colonizer of animal skin [66],
and its presence and prevalence could be as the result of skin-oral contact (i.e., grooming)
within the colony. Indeed, in Thai cynomolgus macaque, Sawaswong and colleagues
found Cutaneotrichosporon to be the prominent fungal genus of the oral microbiome of
captive macaques [20], providing further support for social grooming as an additional
route of fungal acquisition and transmission between primates. F. uniguttulatum, like
Cut. cutaneum, is unable to grow at elevated temperature (i.e., 37 °C), and although its
natural habitat remains unknown, it has been isolated previously from animal bedding [67].
Thus, given that the macaques are provided with deep litter bedding this may explain
why this basidiomycete was detected in many of the animals. In addition to diet and
environment, other factors that may contribute to help shape the enteric fungal communities
in cynomolgus macaques and humans, include differing GI physiology and normal core
body temperature (i.e., humans, 37.0 °C; macaques, 37.0 to 39.5 °C) [68].

The persistence of K. pintolopesii throughout the GIT in young, adult as well as elderly
cynomolgus macaques coupled with an innate ability to grow at and above 37 °C [21],
suggests that K. pintolopesii represents a plausible primate GI commensal. If proven then
this raises the question as to what role it performs in the cynomolgus GIT. Insights into its
potential role(s) may come from K. slooffiae, a close relative, and the predominant fungus
in the post-weaning porcine gut [21,23,24,69]. This member of the K. telluris species com-
plex [21,22] provides amino acids as an energy source for microbial and piglet growth and
is an important source of health promoting micronutrients including vitamin C and formic
acid [23,26,69]. Furthermore, a strong (positive) correlation has been identified between K.
slooffize and beneficial intestinal bacteria, including Lactobacillus and Prevotella [24]. In the
human GIT, C. albicans can interact directly with Lactobacillus spp. [70,71], leading to the
proposal that K. slooffiae may behave similarly to commensal Candida spp. in humans [24].
Given the paucity of human-associated Candida (e.g., C. albicans and C. parapsilosis) in
these macaques, coupled with the prevalence and abundance of Prevotella and Lactobacillus
spp., including L. acidophilus and L. reuteri, in the cynomolgus GIT [6], it is conceivable
that K. pintolopesii performs an equivalent role to that of K. slooffiae in pigs. However, this
remains to be established in future cynomolgus microbiome studies encompassing both
the mycobiome and bacteriome.

Finally, C. albicans is a common member of the normal human microbiome, and in
healthy individuals, it can remain a lifelong benign commensal. However, under certain
circumstances (e.g., immunosuppression, broad-spectrum antibiotic treatment) it can cause
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infections ranging from superficial infections of mucosal surfaces to life-threatening sys-
temic candidiasis [62,72,73]. C. albicans outgrowth in the human GIT can also compound
pre-existing CD and UC [18,74]. Thus, given the pathobiont nature of C. albicans (in hu-
mans), future research is needed to investigate the pathogenic potential of K. pintolopesii in
the cynomolgus macaque, and factors that may trigger a transitional shift from harmless
commensal to pathogen. This is especially pertinent given that K. pintolopesii causes gastric
infections in laboratory mice, which can prove fatal [21]. Moreover, K. heterogenica, another
member of the K. telluris species complex and close relative of K. pintolopesii [22], can exac-
erbate Helicobacter suis-associated gastric infection in Mongolian gerbils [75], and has been
linked to a fatal infection in a young female white-handed gibbon, the first documented
case of its kind [52].

5. Conclusions

Our study identified a diverse array of fungi throughout the cynomolgus GIT, with
Ascomycota and Basidiomycota the dominant phyla. A characteristic feature is the promi-
nence of the ascomycetous yeast K. pintolopesii, a member of the K. telluris species complex,
which we propose represents a credible primate intestinal commensal. This study paves
the way for further investigations, firstly to confirm that K. pintolopesii is a primate GIT
commensal, and if proven then establish what function it performs in the cynomolgus
macaque GIT.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof8101054/s1, Table S1: Details of the captive cynomolgus
macaques included in this study, Table S2: Quality-trimmed fungal ITS1 reads per GIT luminal
sample, Table S3: Fungal ASVs with a relative abundance of 0.01% or more, Table S4: Most abundant
fungal genera in the captive macaque GIT, Table S5: Fungal community analysis. ASVs (fungal taxa)
specific/predominantly found in one or more NHP age groups, Table S6:Prevalence and abundance
of human-associated fungi in the captive macaque GIT.
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Age-associated changes in the structure of the intestinal microbiome and in its
interaction with the brain via the gut-brain axis are increasingly being implicated
in neurological and neurodegenerative diseases. Intestinal microbial dysbiosis and
translocation of microbes and microbial products including fungal species into the brain
have been implicated in the development of dementias such as Alzheimer’s disease.
Using germ-free mice, we investigated if the fungal gut commensal, Candida albicans,
an opportunistic pathogen in humans, can traverse the gastrointestinal barrier and
disseminate to brain tissue and whether ageing impacts on the gut mycobiome as a pre-
disposing factor in fungal brain infection. C. albicans was detected in different regions of
the brain of colonised germ-free mice in both yeast and hyphal cell forms, often in close
association with activated (Iba-1%) microglial cells. Using high-throughput ITS1 amplicon
sequencing to characterise the faecal gut fungal composition of aged and young SPF
mice, we identified several putative gut commensal fungal species with pathobiont
potential although their abundance was not significantly different between young and
aged mice. Collectively, these results suggest that although some fungal species can
travel from the gut to brain where they can induce an inflammatory response, ageing
alone is not correlated with significant changes in gut mycobiota composition which
could predispose to these events. These results are consistent with a scenario in
which significant disruptions to the gut microbiota or intestinal barrier, beyond those
which occur with natural ageing, are required to allow fungal escape and brain infection.

Keywords: Candida albicans, gut-brain, ITS1 sequencing, mycobiome, pathobiont, dementia, ageing

INTRODUCTION

Ageing is the dominant risk factor associated with the development of neurodegenerative
dementias. Altered intestinal microbiota structure and function (microbial dysbiosis) with
age is considered a contributing factor in the development of age-associated chronic low-
grade systemic and tissue inflammation, termed inflammageing (Boulangé et al., 2016;
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Fransen et al,, 2017; Thevaranjan et al., 2017; Boehme et al., 2021;
Parker et al., 2021) which contributes to neuroinflammation
and neurodegenerative disease (Scott et al., 2017; Boehme et al,,
2019). Whilst bacterial community diversity, composition, and
function changes significantly with age in both animal models
and in humans (Claesson et al., 2011; Yatsunenko et al., 2012;
Langille et al., 2014; Clark et al., 2015; O’Toole and Jeffery, 2015),
comparatively little is known about the impact of ageing upon
other members of the intestinal microbiota, including viruses,
archaea, and fungi. Fungal diversity in the gut microbiome is
decreased in adults compared to infants and children, with
fungal richness being higher in females than males regardless
of age (Strati et al,, 2016). However, little is known of the
intestinal fungal composition of elderly versus young adults, or
whether fungal composition is altered due to ageing per se, or
results from changes in behaviour and lifestyle, which occur
concomitantly with ageing.

Fungi account for a relatively small fraction of the total
human faecal microbiota (10°~10° cells/g faecal matter compared
with 10" bacterial cells/g) (Huseyin et al, 2017) and for
around 0.1% of the faecal microbiota gene content (Qin et al.,
2010; Li et al, 2014; Sender et al, 2016). However, this is
likely to be an underestimate of the true fungal intestinal
load due to the comparatively smaller number of fungal
reference genomes currently available, bias in microbiome
analyses introduced by extraction and sequencing methods sub-
optimal for mycobiome characterisation (Richard and Sokol,
2019), and the issue that faecal sampling is unlikely to
accurately reflect fungal load throughout the GI tract and at the
epithelial surface.

Fungal pathogens acquired externally to the host, and
reactivation of latent infections, can lead to systemic fungal
infection, resulting in significant pathology and mortality (Brown
et al, 2012). In some circumstances, fungal species within
the gut microbiota, which are normally well tolerated, may
disseminate via the circulation to other sites including the brain.
For example, cryptococcal meningoencephalitis can occur in
immunocompromised individuals or those undergoing specific
drug treatment, as well as in premature infants of very low birth
weight (Gottfredsson and Perfect, 2000). Invasive candidiasis
is a potentially life-threatening fungal infection caused by
several Candida species, the most common being Candida
albicans, a dimorphic fungus, which is a common human gut
commensal (Brown et al, 2012). When able to penetrate the
body’s barrier sites, C. albicans can cause superficial mucosal
infections, and in some cases severe systemic sepsis with
associated mortality exceeding 70% (Brown et al., 2012; Allert
etal., 2018).

Increased risk of developing Alzheimer’s disease (AD) has
been associated with infections of the central nervous system
(CNS), potentially via impacting innate immune mechanisms
and/or protein misfolding (Mawanda and Wallace, 2013). Viral,
bacterial, and fungal species have been investigated in this
context (Hammond et al., 2010; Huang et al, 2014; Fung
et al., 2017; Dominy et al., 2019; Tetz et al., 2020); however,
no single infectious agent has to date been demonstrated to
be causative in AD onset. Fungal antigens from a variety

of species have been detected in the serum of AD patients,
including C. albicans and a number of other Candida species
(Pisa et al., 2015b; Alonso et al., 2018). In addition, analysis
of post-mortem brain tissue from AD patients and healthy
controls identified genetic material from multiple fungal species
(including Candida), fungal proteins, and fungal cell bodies
unique to the brains of AD patients (Alonso et al, 2014;
Pisa et al., 2015a,b).

Despite these findings, the concept of a brain-associated
microbiota remains highly controversial, and there is no
compelling evidence of microbial representation in the CNS
of normal healthy hosts. More plausible is that microbes,
including fungi, escape confinement in the gut or elsewhere and
disseminate more widely when barrier sites and/or the immune
system have been seriously compromised. In ageing, declining
immune function (immunosenescence), inflammageing,
intestinal microbial dysbiosis, and the high incidence of co-
morbidities create an environment more permissive to microbial
translocation to the circulatory system and dissemination to
tissues beyond the gastrointestinal tract (GIT).

Animal studies of the mycobiome and fungal infection can
control for or eliminate most of the confounding factors which
complicate interpretation of fungal changes in ageing human
populations. Mice, for example, harbour many of the same
fungal taxa which inhabit the human gut, with a characteristic
feature of both the murine and human gut mycobiome being the
dominance of the Ascomycota and Basidiomycota phyla (Hallen-
Adams et al.,, 2015; Nash et al., 2017; Ward et al., 2018; Doron
et al., 2019; James et al., 2020; Mims et al., 2021). C. albicans
is frequently present in the healthy human gut as a benign
commensal (Brown et al., 2012; Nash et al., 2017; James et al.,
2020) and can also be found in captive-bred mice (Doron et al.,
2019; Mims et al., 2021), although it may be absent in wild murine
species (Bendova et al., 2020).

Multiple Candida species can colonise mouse models and
persist in the GIT (Prieto and Pla, 2015). Systemic dissemination
and candidiasis is evident in immunocompromised mice,
however, this often requires high initial inoculums for non-
albicans Candida species (Conti et al., 2014; Segal and Frenkel,
2018). C. albicans can also stably colonise mice and has been
used to study fungal intestinal colonisation and dissemination in
neonatal mice, antibiotic- or chemotherapy-treated adult mice,
and germ-free mice (Field et al., 1981; Kinneberg et al., 1999;
Mellado et al., 2000; Wiesner et al., 2001; Schofield et al., 2005;
Koh et al., 2008; Koh, 2013). When administered intravenously,
C. albicans can infect the mouse brain and cause localised
cerebritis (Wu et al., 2019).

Here we assessed whether fungal cells could traverse the
intestinal barrier and disseminate to the brain by colonising
C57BL/6 germ-free mice with a human-derived isolate of
C. albicans by oral gavage, using confocal microscopy to assess
fungal cell dissemination throughout the brain (a graphical
overview is shown in Figure 1). High-throughput amplicon
sequencing of the fungal internal transcribed spacer 1 (ITS1)
region was used to investigate the effect of ageing on the
composition and diversity of the murine gut mycobiome, and to
identify potential fungal pathobionts.
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FIGURE 1 | Experimental overview. Germ-free C57BL/6 mice were administered Candida albicans (strain NYCY 3115) either by oral gavage or tail vein injection.
Conventional (Specific-Pathogen-Free, SPF) mice were pre-treated with a broad-spectrum antibiotic cocktail (or delivered PBS/normal drinking water) for 5 days,
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MATERIALS AND METHODS

Yeast Strain and Growth Conditions

Candida albicans strain (NCYC 3115) is a human clinical isolate
from patient faeces collected in a United Kingdom hospital
and was provided by the National Collection of Yeast Cultures
(Norwich, United Kingdom). For inoculum preparation, stocks
were cultured in YM liquid medium (10g/L glucose, 3g/L malt
extract, 5g/L peptone, 3g/L yeast extract) at 30°C for 48h
with shaking (200 rpm). Cells were collected by low-speed
centrifugation (3,000 rpm, 5 min), washed twice in sterile
phosphate buffered saline (PBS) and re-suspended in PBS prior to

delivery to mice. Fungal colonisation was assessed by measuring
CFUs (colony forming units) of C. albicans present in the
caecum of each mouse. Caecal contents, collected five days post-
delivery, were mechanically homogenised in PBS to 100 mg/mL
then serially diluted and spread plated onto YM medium. All
agar plates were incubated aerobically at 37°C, and colony
counts measured after 2 days incubation. Colony morphology
was also assessed (and counts determined) by visual inspection,
with colonies of differing morphology (morphotypes) selected
and stocked for additional phenotyping. YM broth cultures
derived from two, post-passaged, colony morphotypes (white and
domed vs. darker and flattened) were incubated at 37°C, without
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agitation, and examined after 3 days by standard light microscopy
for the presence/absence of hyphal and pseudohyphal cells.
Species identity was confirmed by standard colony PCR using
C. albicans-specific primers (Asadzadeh et al., 2018), and by
ITS1 sequencing (White et al., 1990; Gardes and Bruns, 1993).
Details of all fungal primers used in this study are provided in
Supplementary Figure 4.

Animal Experiments

All experiments involving animals were performed in accordance
with EU and United Kingdom Home Office Legislation and
local Animal Welfare and Ethical Review Body approval. Male
and female specific pathogen-free (C57BL/6 -SPF) mice aged
3 months or 24 months, and male germ-free (C57BL/6-GF)
mice aged 3 months, were maintained in individually ventilated
cages (SPF) or in sterile isolators (GF) in adjacent rooms of
the Quadram Institute Germ-Free mouse facility within the
University of East Anglia Disease Modelling Unit. All mice
received autoclaved water and were fed RM3 (SPF) or RM3-
(Autoclavable) (GF) diet (Special Diets Services). All mice were
maintained under 12-h light-dark cycle. A dose of 2.5 x 10°
(n=5)0r5 x 10° (n = 5) C. albicans cells re-suspended in
200 nL PBS was administered to germ-free animals by oral
gavage, whilst a lower dose of 2.5 x 10 cells in 100 WL of PBS
was used for tail vein injection control mice. SPF mice (n = 16,
8 females and 8 males) were pre-treated for four days with
either PBS (n = 8) or a cocktail of broad-spectrum antibiotics
(VMNA, 0.5 mg/mL vancomycin, 1 mg/mL metronidazole and
1 mg/mL neomycin delivered in 200 pL sterile water by daily
oral gavage, and 1 mg/mL ampicillin delivered via drinking
water, available ad libitum), n = 8. Following a 24 h washout
period 5 x 10° C. albicans cells re-suspended in 200 wL PBS
were administered by oral gavage. Mice were then maintained
in individually ventilated cages until sacrifice. Brains and caecal
content were harvested at day 5 post-inoculation and used for
downstream analysis.

Formalin-fixed paraffin-embedded brains were sectioned
at 5 pm. Sagittal vibratome sections of 100 pm thickness
were prepared from PFA-fixed whole brains embedded in
low-melt agarose, a method adapted from Snippert et al
(2011) and were cleared post-staining and prior to mounting
using RapiClear (CamBioscience, Cambridge, United Kingdom).
C. albicans was visualised in sections using a rabbit polyclonal
anti-C. albicans antibody (NB100-64750 Novus Biologicals,
1:100), and for activated microglia/macrophages using rabbit
anti-Iba-1 (ab178846, Abcam, 1:100) for single staining or
Abcam ab150167 (1:100) for co-stains. Secondary antibodies
used were goat anti-rabbit IgG Alexa Fluor-594 (Invitrogen,
1:100), Goat Anti-Rat Alexa-647 (ab150167, Abcam, 1:500) or
donkey anti-rabbit IgG Alexa Fluor 488 (Invitrogen, 1:500).
Nuclei were stained with Hoechst 33258. Images were collected
and analysed using a Zeiss LSM880 confocal microscope
and ZEN 2010 software, and FIJI/Image] v2.1.0 (Schindelin
et al, 2012). C. albicans cells were quantified from 100 pm
sagittal vibratome sections taken starting from the midline
of the left hemisphere of the brain, five sections were taken
from each brain sample from C. albicans-colonised germ-free

mice (n = 5 mice), non-colonised control germ-free mice
(n = 3 mice) and from C. albicans-colonised SPF mice
receiving either antibiotic or PBS only pre-treatment (n = 8
mice/group). Cells were not included in counts if they were
obviously within vessels, or were on the periphery of the
section and therefore considered to not be truly within
the brain tissue.

Genomic DNA Extraction

Faecal pellets were collected from temporarily singly housed SPF
mice using sterile picks and sterile RNA-DNA-free microtubes
and were stored at -70°C prior to processing and DNA
extraction. For fungal DNA amplification, total microbial DNA
was extracted from ~50 mg of faeces from each animal using the
QIAamp PowerFecal Pro DNA kit (QIAGEN, Hilden, Germany)
and following the manufacturer’s protocol. In addition, all
samples were homogenised using a FastPrep-24 benchtop
instrument (MP Biomedicals, Irvine, CA, United States) at
6.0 m/s for 1 min. Extracted DNA was quantified and
quality checked using the Qubit 3.0 fluorometer and associated
Qubit dsDNA BR Assay Kit (Thermo Fisher, Waltham, MA,
United States). DNA samples were stored at —-20°C prior to
further analysis.

Internal Transcribed Spacer 1

Amplification and Sequencing

The fungal ITS1 region was amplified from 100 ng of faecal
DNA by using the pan-fungal ITS1F and ITS2 primer set
(White et al., 1990; Gardes and Bruns, 1993), with each primer
modified at the 5 end to include an Illumina adapter tail,
using KAPA2G Robust DNA polymerase (Kapa Biosystems,
Wilmington, MA, United States). Amplification was performed
at 94°C (5 min) with 35 cycles of 92°C (30 s), 55°C (30 s),
72°C (45 s), and a final extension of 72°C (5 min). Amplification
reactions were set up in duplicate for each DNA sample,
and negative (PCR dH;0) and positive controls (0.01 ng of
C. albicans DNA) were included in each PCR run. Following
ITS1 PCR, a 0.7x SPRI purification using KAPA Pure Beads
(Roche, Wilmington, MA, United States) was performed and the
purified DNA was eluted in 20 pl of 10 mM Tris-HCL In a
second PCR, library index primers were added using a Nextera
XT Index Kit v2 (Illumina, Cambridge, United Kingdom) and
amplification was performed at 95°C (5 min) with 10 cycles of
95°C (30 s), 55°C (30 s), 72°C (30 s), and a final extension
of 72°C (5 min). Following PCR, libraries were quantified
using the Invitrogen™ Quant-iT dsDNA high sensitivity assay
kit (Thermo Fisher) and run on a FLUOstar Optima plate
reader (BMG Labtech, Aylesbury, United Kingdom). Libraries
were pooled following quantification in equal quantities. The
final pool was SPRI cleaned using 0.7x KAPA Pure Beads,
quantified on a Qubit 3.0 fluorometer and run on a High
Sensitivity D1000 ScreenTape (Agilent Inc., Santa Clara, CA,
United States) using the Agilent Tapestation 4200 to calculate
the final library pool molarity. The pool was run at a final
concentration of 8 pM on an Illumina MiSeq instrument using
the MiSeq© v3 (2 x 300 bp) Kit (Illumina). All sequencing
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was performed at Quadram Institute Bioscience, Norwich.
The raw data were analysed locally on the MiSeq instrument
using MiSeq reporter.

Mycobiome Characterisation

Illumina MiSeq reads were analysed using the automated pipeline
Dadaist2, a dedicated workflow for ITS profiling (Ansorge
et al,, 2021). The quality profile of the raw reads (in FASTQ
format) was assessed using Fastp 0.20.0 (Chen et al, 2018),
which was also used to remove reads with ambiguous bases.
Locus-specific primers were removed using SeqFu 1.8 (Telatin
et al., 2021). The identification of representative sequences was
performed using DADA2 (Callahan et al., 2016), to produce a
set of amplicon sequence variants (ASVs), and their taxonomic
assignment was determined using the UNITE Fungal ITS
database (release 8.2) (Nilsson et al, 2019). The multiple
alignment of the representative sequences was performed
using ClustalO (Sievers and Higgins, 2021) and the guide
tree was produced using FastTree (Price et al, 2009). Data
normalization and diversity were produced using the Rhea scripts
(Lagkouvardos et al., 2017). The output feature table, taxonomic
classification, phylogeny and metadata files were exported and
further analysed using MicrobiomeAnalyst (Dhariwal et al., 2017)
and the built-in plotting provided by Dadaist2. Every ASV
with a zero count in all samples was removed to assess alpha
diversity measures.

Statistical Analysis

Three alpha-diversity measures were used to estimate fungal taxa
richness (Chaol) as well as taxa richness and evenness (Shannon
and Simpson) using MicrobiomeAnalyst (Dhariwal et al., 2017).
Data was not rarefied, was scaled by total sum scaling, was non-
transformed, and statistical significance was assessed by Student’s
t-test (threshold for significance P < 0.05). For comparison of
specific taxa, data were CLR-transformed prior to comparison
between two groups by ¢-test.

Other Software

Figure 1 was created using BioRender illustration software: https:
//biorender.com/.

RESULTS

Candida albicans Translocates From Gut
to Brain in Monocolonised Germ-Free
Mice and Induces an Inflammatory

Response in the Brain

Candida albicans (NCYC 3115) was administered by oral gavage
to two groups of germ-free adult C57BL/6 mice, in doses of either
2.5 x 10° or 5 x 10° cells. A third group were administered
an inoculum of 2.5 x 10* cells by tail vein injection, a dose
previously shown to result in fungal translocation to the brain
with no lethality (Wu et al.,, 2019). Control mice received PBS
alone by gavage. Both delivery routes, oral or intravenous,
resulted in successful colonisation of the GIT, as measured

by CFU recovered from caecal content five days post-delivery
(Figure 2A). Oral administration of 2.5 x 10° cells resulted in
caecal counts ranging from 1 x 10° to 1 x 107 CFU, whereas
administration of the higher dose of 5 x 10° cells resulted in
caecal counts ranging from 6.2 x 10° to 2.2 x 10’ CFU. Mice
receiving yeast cells intravenously had lower caecal CFU counts
of 8 x 10° - 3 x 10°. Caecal content from control mice receiving
PBS alone yielded no fungal colonies. Species identity of colonies
was confirmed by standard colony PCR using C. albicans-specific
primers (Asadzadeh et al., 2018).

Two types of post-passage C. albicans colonies were cultured
from the caecal contents (Figures 2B-E), a white and domed
morphotype (as per the wild-type), and a darker and flattened
morphotype, chromatically and morphologically resembling
the previously described Gastrointestinally indUced Transition
(GUT) phenotype (Pande et al., 2013). Approximately 66% of
colonies recovered from the caecal content of mice in the present
study were of this ‘GUT’-like phenotype, suggesting substantial
adaptation of the administered wild-type C. albicans to the
C57BL/6 germ-free gut. Cultures derived from this phenotype
failed to produce hyphae, either on solid or in liquid media,
when grown at 37°C. This was in marked contrast to white
phenotype-derived cultures which readily produced hyphae
(and pseudohyphae) when grown at this elevated temperature
(data not shown).

In mice receiving C. albicans orally of either lower (2.5 x 10°)
or higher dose (5 x 10°) inoculum, and in mice receiving the
inoculum intravenously, C. albicans cells were detected in brain
tissue five days post-colonisation by immunostaining with an
anti-C. albicans antibody (Figures 3A-F). Individual C. albicans
cells and cell clusters were found throughout the brain, in
the ventricular spaces, cerebellum, hypothalamus, midbrain and
cortex. Clusters and individual C. albicans cells were confirmed
to be within the plane of the brain tissue by imaging of
z-stacks (Figure 3A). Individual C. albicans cells and cell clusters
were frequently found in, or adjacent to, vessels within the
brain tissue (Figure 3B), and within the ventricular spaces,
including the cerebral aqueduct (Figure 3C). Candida albicans
cells were frequently surrounded by Iba-1T cells resembling
both resident microglia and infiltrating macrophages within
or exiting vessels (Figures 3D,E), indicating induction of an
inflammatory microglial/macrophage response. In one mouse,
striking granuloma-like clusters of fungal and Iba-17cells were
seen in the posterior parietal cortex (Figure 3D), which plays a
key role in spatial representation of objects for action planning
and control. Less frequently hyphae were detected within brain
tissue samples (Figure 3F) indicating C. albicans cells were viable
and in an invasive form. No fungal cells or similar microglial
clusters were observed in PBS control germ-free mouse brain
samples. As mice were not transcardially perfused before brain
harvest, we cannot completely rule out that a small number of
counted C. albicans cells may have been within vessels/capillaries
that were sectioned or optically sliced in such a way that
we did not identify the vessels. However, the identification of
hyphal forms within the brain tissue, and clusters of microglia
identified surrounding C. albicans cells strongly suggests active
invasion of the brain tissue as opposed to circulating yeast
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FIGURE 2 | Colonisation of the caecum by Candida albicans NCYC 3115 following tail vein injection or oral gavage. (A) Colony-forming units (CFU) recovered from
caecal content following delivery of C. albicans NCYC 3115 to germ-free mice (left) or SPF mice (right). No colonies were present in the caecal content of germ-free
control mice administered PBS alone (GF ctrl). TV, tail vein; OG, oral gavage. Numbers on x-axis labels denote amount of C. albicans cells administered, error bars
denote 95% Cl. (B) Example YM agar plate with zoom inset showing two phenotypically distinct C. albicans colony morphotypes recovered from caecal contents.
White and domed morphotype and darker and flattened/Gastrointestinally indUced Transition (GUT) morphotype (red crosshairs). (C-E) Photomicrographs of
pre-passage wild type cells (C), post-passage white phenotype cells (D), and post-passage darker/GUT phenotype cells (E), all grown at 37°C for 3 days in YM
broth.

cells in dissemination form (Gow et al, 2011; Noble et al, dissemination, we pre-treated SPF mice with a short course of
2016). broad-spectrum antibiotics (VMNA), or PBS, prior to C. albicans
delivery by oral gavage (Figure 1). Colony counts from caecal

- - P content (Figure 2A) showed increased caecal colonisation in
Short-Term Depletion of Gut Bacteria in antibiotic-pre-treated SPF mice (SPF + Abx) compared with

Conventional Mice Permits Expansion of PBS-pre-treated SPF controls, but at much lower levels compared

Candida albicans in the Caecum to C. albicans-colonised germ-free mice (mean 1.15 x 107 cells/g
To test whether depletion of the gut bacterial community in  caecal content in colonised germ-free versus 6.15 x 10* in
conventional mice would also allow for fungal expansion and colonised SPF + Abx). On analysing the brains of the SPF
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FIGURE 3 | Candida albicans can disseminate from the gut to the brain and can grow in the invasive hyphal form within brain tissue. In all images, blue = nuclei
(Hoechst), green = C. albicans, red = Iba-1-positive microglia/macrophages. Green area in inset brain schematic indicates approximate position of image.

(A) C. albicans cells are detectable within cerebellar brain tissue at 5 days post-colonisation. Z-stack orthogonal view (side bar and arrows) shows C. albicans cells
are in the same plane as brain cell nuclei. Orthogonal side bar brightness and contrast has been enhanced here for visibility. (B) C. albicans cells in proximity to a
hypothalamic blood vessel (dashed outline). (C) C. albicans cells and Iba-1 positive macrophages within the cerebral aqueduct (lobule Il granule layer visible as
dense Hoechst-stained area bottom right of image). (D) Foci of clustered Iba-1F cells (red) around C. albicans cells (green) within the posterior parietal association
area of the cortex. Inset box shows overview tile scan of the cortex and hippocampus. (E) Cluster of Iba-1 + cells around C. albicans cells within the midbrain

(F) Entwined hyphal C. albicans hyphae within the hypothalamus.

mice, we found no evidence of fungal cells, either in yeast specifically for Candida, or by using a non-specific fungal cell
or hyphal form, within brain sections of either PBS control wall stain (example expected staining of positive control shown
or antibiotic pre-treated colonised mice, either by staining in Supplementary Figure 1B).
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FIGURE 4 | Faecal fungal diversity and top ten genera in aged vs. young SPF mice. (A) Top ten most abundant genera (percentage mean relative abundance) in
faecal samples of young vs. aged SPF mice (n = 10/group). (B) Alpha diversity (L-R: Chao1, Shannon, and Simpson indices) of faecal fungal composition of young
vs. aged SPF mice (n = 10/group), whiskers show spread of data across all mice, solid black dot indicates the mean, horizontal line indicates the median.

Our data shows that disruption of the intestinal
environment by antibiotic treatment permits increased
fungal colonisation of the intestinal tract, but suggest that
short term-antibiotic treatment is not sufficient to promote
dissemination to the brain. On the other hand, recent data
show that long-term chronic administration of antibiotics
can promote systemic dissemination of both fungi and
bacteria (Drummond et al., 2022). Advanced age is also
associated with changing gut bacterial composition, as well
as depleted barrier integrity promoting chronic systemic
inflammageing (Fransen et al.,, 2017; Thevaranjan et al., 2017;
Parker et al., 2022). Therefore, we next investigated whether
the composition of the enteric mycobiota is altered in aged
animals, and whether any fungal species detected are potential
pathobionts/opportunistic pathogens with the capacity to cause
serious infection.

Ageing Alone Is Not Sufficient to Select
for or Drive Pathobiont Expansion in

Specific Pathogen-Free Mice
High-throughput internal transcribed spacer 1 (ITS1)
amplicon sequencing was used to characterise the faecal
fungal communities in young (3-month) and aged (24-month)
SPF mice. A total of 1,471,212 quality-trimmed ITS1 reads were
obtained, ranging from 14,913 (A7, aged cohort) to 100,384
(Y2, young cohort), with a sample average of 73,560 reads
(Supplementary Figure 2A). Over 2,000 amplicon sequence
variants (ASVs) were used to determine the composition of
the fungal microbiota in the young and aged mice at different
taxonomic levels.

At the phylum level, most identified fungi in each age
group belonged to either the Ascomycota or Basidiomycota
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FIGURE 5 | Prevalence and relative abundance of putative gut commensal
fungal species in faecal samples of young vs. aged SPF mice. (A) Prevalence
of putative gut commensal fungal species Candida albicans, Candida
parapsilosis, Aspergillus chevalieri, Aspergillus aflatoxiformans,
Saccharomyces cerevisiae, and Kazachstania pintolopesii in faecal samples
from groups of young and aged SPF mice (n = 10/group), percentage of mice
harbouring each species displayed as % prevalence. (B) Percentage relative
abundance of those same species in faecal samples from aged (A) vs. young
(Y) mice (n = 10/group), Tukey whiskers, horizontal bars show the mean,
outliers displayed as round points.

(Supplementary Figure 2B). A characteristic feature of the gut
mycobiome of our C57BL/6 colony, irrespective of age, was
the predominance of the Basidiomycota. At the genus level,
when analyses were restricted to the most abundant genera
(i.e., those with a relative abundance of 1% or more), which
accounted for over 80% of all ITS1 reads, both age groups
had broadly similar taxonomic profiles, with Vishniacozyma the
predominant genus (Figure 4A). This basidiomycetous yeast
genus had a mean relative abundancy of over 50% in each

age group (young, 52.1%; aged, 53.1%). Other notable genera
included Alternaria, Sporobolomyces, Candida, Holtermanniella,
and Cladosporium (Figure 4A). Whilst most genera displayed
comparable mean relative abundancies in both age groups
(Supplementary Figure 2B), Sporobolomyces, Candida and
Holtermanniella were all nominally less abundant, albeit not
reaching statistical significance, in the aged mice (Figure 4A and
Supplementary Figure 2B). At the genus level, there was no
significant compositional change in alpha diversity between the
two age groups (p > 0.05 in all three indices) (Figure 4B).

For taxa resolved to species level most were categorised
as environmental fungi, typically found in soil and/or plant
associated. This included Vishniacozyma victoriae, the most
abundant taxon and a species present in every sample
(Supplementary Figure 3). Six species were identified as
candidate gut colonisers based on their ability to survive and
proliferate at 37°C. These were Aspergillus aflatoxiformans,
Aspergillus chevalieri, Candida albicans, Candida parapsilosis,
Kazachstania pintolopesii, and Saccharomyces cerevisiae. Among
these, C. albicans was the most prevalent in both age groups
(Figure 5A), albeit at lower nominal relative abundance in
the elderly mice compared to young mice (Figure 5B and
Supplementary Figure 3), (young, 2.9%; aged 1.7%), although
this was not statistically significant (p > 0.05) (Figure 5B,
and Supplementary Figure 3). In contrast, A. chevalieri,
which displayed similar prevalence in both cohorts (70%),
was present at nominally higher relative abundance in the
aged mice (young, 0.42%; aged, 0.77%), although this was
also not statistically significant (p > 0.05) (Figure 5B and
Supplementary Figure 3). K. pintolopesii a common rodent-
associated yeast species (Kurtzman et al., 2005; Bendova et al.,
2020) was found in only two of the mice (one from the 3-
month-old group and one from the 24-month-old group), and
at relatively low abundance (~1%).

In summary, although the overall enteric mycobiota profiles
of young and aged mice were broadly similar at the genus level,
subtle differences in both the prevalence and abundance were
evident at the species level. These differences were evident within
a small group of putative commensal fungi, which included three
opportunistic pathogens.

DISCUSSION

There is growing interest in the concept that intestinal
microbial dysbiosis, as well as microbial infection, contributes
to neuroinflammation and neurodegenerative disease, including
dementias (Fung et al., 2017; Vogt et al., 2017). The majority of
such studies have focused almost exclusively on the prokaryome,
with only a small number investigating the mycobiome and
implicating fungi in neurological disorders and AD (Alonso et al.,
2014; Pisa et al., 2015a,b; Fung et al., 2017; Forbes et al., 2018;
Ling et al., 2020). Gut-resident C. albicans populations represent
the principal source of life-threatening disseminated candidiasis
(Bougnoux et al., 2006; Gouba and Drancourt, 2015). In the gut,
pathological invasion of C. albicans across the epithelial barrier
and into the bloodstream occurs via hyphal penetration of cells,
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hyphal production of a cytolytic peptide toxin (candidalysin),
enterocyte necrosis and subsequent loss of epithelial barrier
integrity (Dalle et al., 2010; Allert et al., 2018). Here, using oral
delivery of C. albicans cells to the GIT of germ-free C57BL/6
mice, we demonstrate that C. albicans can traverse both the
intestinal and blood-brain barriers and produce hyphae within
the brain. We also observed clusters of Iba-17 activated immune
cells surrounding C. albicans cells, in accordance with prior
reports of gliosis in mouse models of candidiasis (Lionakis et al.,
2011; Wu et al., 2019). Hyphae were not found within the brains
of SPF C57BL/6 mice administered C. albicans via intravenous
injection (Wu et al., 2019), which may reflect the use of different
isolates of C. albicans between studies, or differences in SPF
vs. germ-free mice.

We also found that while short-term antibiotic pre-treatment
allowed for increased expansion of C. albicans in colonised SPF
mice, compared to PBS pre-treated controls, no fungal cells,
either in yeast or hyphal form, were detected in the brains of the
colonised mice. Drummond and colleagues (Drummond et al,,
2022) have recently shown that chronic exposure to antibiotics
(>4 weeks in mice or >7 days in humans) can promote fungal
and bacterial dissemination to other organs, however, brains were
not assessed for fungal cell staining in the mouse studies so it
is unclear whether a longer antibiotic regimen might allow for
dissemination into the brain tissues. SPF mice may be resistant
to brain infection by C. albicans, as intestinal mucins can inhibit
hyphal formation by C. albicans (Kavanaugh et al., 2014) and the
mucus layer differs in composition between SPF and germ-free
mice (Johansson et al., 2014; Jakobsson et al., 2015). Furthermore,
differences in immune responses between C. albicans cells and
macrophages (Erwig and Gow, 2016) in germ-free versus SPF
mice may also affect hyphal formation and persistence.

Considering that fungal processes can contribute to intestinal
barrier damage and that age-related intestinal dysbiosis may
increase the likelihood of gut-to-brain translocation of microbes
in older hosts, we compared the fungal mycobiome of young
and aged mice. Within the mycobiota of young mice three
species, namely C. albicans, C. parapsilosis and K. pintolopesii,
are recognised opportunistic pathogens of humans and mice,
and are capable of causing life-threatening systemic infections
(Kurtzman et al., 2005; Pfaller and Diekema, 2007). However,
the relative abundances of these species were not significantly
different in aged mice, nor was there any evidence of
significant fungal dysbiosis in aged mice. This suggests that
ageing alone is not a major driver of fungal composition
in the mouse gut microbiota. In mice at least, it is more
likely that other environmental factors including dietary
changes, medications (antibiotics), infections and/or changes
in host defence mechanisms and immune status might be
required to permit fungal gut-brain translocation in aged, but
otherwise healthy, hosts.

There is limited available data on the mycobiota profile of aged
healthy human adults (Strati et al., 2016), although some studies
have sequenced the mycobiota of patients with metabolic or
neurodegenerative disease (Ahmad et al., 2020; Jayasudha et al.,
20205 Ling et al., 2020; Nagpal et al., 2020). The gut microbiome
in patients with mild cognitive impairment (MCI) and those

with AD is reported to differ from healthy controls (Vogt et al.,
2017; Zhuang et al., 2018; Saji et al,, 2019). A study of patients
from a United States cohort with MCI for example, found a
higher proportion of the fungal genera Botrytis, Kazachstania,
Phaeoacremonium, and Cladosporium but a reduced proportion
of Meyerozyma compared to controls (Nagpal et al., 2020).
A study of the faecal mycobiome of a Chinese cohort of AD
patients reported increased abundance of the species C. tropicalis,
Trametes versicolor, Schizophyllum commune, Davidiella tassiana,
Exophiala dermatitidis, and Erythrobasidium hasegawianum
compared to controls, but found no significant differences in
the most prevalent Candida species, including C. albicans (Ling
et al., 2020). In both the MCI and AD cohorts, no significant
change in fungal alpha or beta diversity was seen compared to
controls (Ling et al., 2020; Nagpal et al., 2020). With no evident
overlap between studies of shared taxa with altered relative
abundance, it is currently not possible to identify specific fungi
(e.g., pathobionts) which may be associated with the development
of these neurodegenerative disorders.

A major difficulty in attributing causality in MCI or AD
development to an altered microbiome or mycobiome is
identifying and measuring confounding factors, in particular
the impact of age-associated changes in lifestyle, diet, behaviour,
and co-morbidities. For example, many prescribed orally
administered drugs including antibiotics, antidepressants
and anti-inflammatory compounds, can significantly impact
microbiota composition and function (Maier et al, 2018,
2021; Vich Vila et al., 2020), as can behavioural changes and
shifts in diet or living conditions (Auchtung et al, 2018;
Raimondi et al., 2019). These factors are of relevance to
patients with MCI or AD. Such co-variables are minimised
in animal models kept under environmentally controlled
conditions and maintained on defined diets. However, when
using transgenic mouse models of AD for example, it is often
unclear what effects the genetic modifications may have on
host immune, neural, or other responses that create an altered
intestinal environment which is permissive for particular
microbes and pathobionts. Whilst these considerations may
help explain conflicting results between human studies, and
when comparing results of animal and patient studies, it remains
to be determined whether altered microbiota and mycobiota
composition is a contributing factor in the development
of dementias, or is merely a symptomatic or correlative
phenomenon.

CONCLUSION

Here we show that in the absence of other enteric microbes, orally
delivered C. albicans can translocate from the gut to the brain
and induce cerebral inflammation. Furthermore, we also show
that ageing alone did not alter the overall composition of the
gut mycobiota in specific pathogen-free mice. This indicates that
ageing alone is not sufficient to induce mycobiome dysbiosis and
cerebral fungal infection, and that other disruptions to the gut
microbiota and/or the intestinal barrier may be needed to permit
gut fungal pathobiont escape and infection of the brain.
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Abstract Kazachstania pintolopesii is an oppor-
tunistic mammalian pathobiont from the K. felluris
species complex. No draft genomes of this species are
currently available. Here, we report the first draft
genome sequence of a primate isolate of K. pintolope-
sii (NCYC 4417).

Keywords Kazachstania pintolopesii - Draft
genome - Non-human primate - Cynomolgus
macaque - Fungal pathobiont - Gut mycobiota

Kazachstania pintolopesii is an ascomycetous yeast
and relative of K. bovina, K. heterogenica, K. slooffiae
and K. telluris [1]. Collectively, these species consti-
tute the K. felluris complex, a phylogenetically distinct
group of thermotolerant yeasts able to grow at 37 °C
and above [1, 2]. They are widely distributed [1], but
are found predominantly in the gastrointestinal (GI)
tracts and nasal passages of birds and mammals [1-3].
Rodents are the principal hosts for K. pintolopesii
[1, 2, 4] with a recent study extending its host range to
include cynomolgus macaques [5]. These fungi are
also considered pathobionts causing infections in
rodents, primates, and less frequently in humans
[2, 6, 7]. K. pintolopesii is in addition to being a gut
commensal also associated with fatal infections in
laboratory mice [2], and with ankylosing spondylitis in
cynomolgus macaques [8]. Draft genomes for three
members of the complex have been published [9-11],

but despite its potential significance as a pathobiont no
K. pintolopesii genomes have been published to date.

Here, we have combined short- and long-read
sequencing to obtain the genome sequence of K.
pintolopesii NCYC 4417, a faeces-derived isolate
from a captive adult macaque. A faecal homogenate
was prepared in sterile phosphate-buffered saline
(PBS) and cultured onto Sabouraud dextrose (SD)
agar plates containing penicillin (25 U/mL) and
streptomycin (25 U/mL) at 37 °C. Species identity,
from single colonies, was determined by PCR ampli-
fication and Sanger sequencing of the ribosomal DNA
internal transcribed spacer 1 (ITS1) region of the
ribosomal DNA locus using primers ITS1F [12] and
ITS2 [13]. The ITS1 sequence of strain NCYC 4417
(GenBank accession number PRJEB63679) is 99.7%
identical to that of the K. pintolopesii type strain CBS
2985 (GenBank accession number NR_155233).

For short- and long-read sequencing, total genomic
DNA was extracted from a stationary phase SD culture
using a MasterPure Yeast DNA Purification Kit (Cambio,
Cambridge, UK). Short-read Illumina sequencing was
performed using a modified 20-fold dilution of DNA Prep
(Flex) reagent and run on a NextSeq 500 sequencer,
producing 9,108,736  paired-end 150-bp  reads
(~ 186 x coverage). Nanopore sequencing was per-
formed using a MinlON sequencer (Oxford Nanopore
Technologies, ONT), ligation sequencing kit SQK-
LSK109 (ONT) and flow cell FLO-MIN106 R9.4.1
(ONT). This produced a total of 437,446 reads with an
average read length of 4,069 bases (~ 127 x coverage).
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Base calling was performed using Guppy v.6.1.2 (base-
call_model_version_id = 2021-05-17_dna_r9.4.1_min-
ion_384_d37a2ab9). Raw short- and long-read polishing,
including the removal of adapters and low-quality bases,
was performed using SeqFu 1.16 [14] and fastp 0.23 [15].
The genome was assembled using Flye 2.9.1 [16] and
polished with one round of Pilon 1.24 [17]. The genome
assembly comprised of 34 contigs with the largest being
1,738,127 bp in length. The total size of the genome was
13,992,981 bp, the N5q value was 947 kb, and the G + C
content was 30.63%. In addition, a putative 8-nt telomeric
repeat was identified (5’-WGTATGGG-3’), similar in
sequence to the canonical eukaryotic telomere motif [18],
and present in 50-100 tandem copies at one or both
termini of 13 contigs. Augustus v.3.3.3 [19] predicted
4884 protein-coding genes using the Saccharomyces
cerevisiae (S288C) training data set, and 196 tRNA genes
were detected using tRNAscan-SE 2.0 [20]. Genome
completeness was estimated as 91.0% using BUSCO
v5.4.4 [21]. Dependencies and scripts are available at
https://github.com/quadram-institute-bioscience/ont-
candida.
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