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Abstract

Sepsis, defined as the abnormal host response to infection causing lethal organ dysfunction,
remains one of the leading causes of patient morbidity and mortality worldwide. These
mortality rates are thought to be contributed to heavily by the phenomenon of ‘immune
paralysis’, a state of sustained immunosuppression. It is postulated that elucidating the
molecular mechanisms that govern innate immune memory could in turn translate to effective
treatments. The presence of ectopic olfactory receptors (ORs) on innate immune cells has
been discovered in numerous studies in the past decade, linking their activity with specific
pro- and anti-inflammatory functions. This study aims to test the hypothesis that ectopic ORs
are associated with the host response to infection and the induction of innate immune
memory. Using publicly available datasets, over 100 ectopic ORs were identified to be
differentially upregulated in sepsis. Expression data from cell-sorted blood leukocytes
revealed the differential expression of multiple ORs in sepsis, with OR52B2 upregulation being
singled out monocytes. Expression data for lipopolysaccharide (LPS)-treated healthy human
monocyte-derived macrophages showed differential downregulation of OR8G5 and
upregulation of OR52K3P. OR kinetics observed through a human endotoxemia model dataset
revealed continuous upregulation of OR2B6, a suspected monocyte-specific OR, over the span
most significant to the development of innate immune memory, proving an attractive target
for testing. A cohort of 8 healthy volunteers (4 females, 4 males; mean age 21 years) were
recruited for this study. Heparinised blood was drawn with consent from each volunteer, from
which monocytes were then harvested and enriched. Enriched monocytes were split into two
categories, with one being subjected to a single controlled dose of LPS, while another was
subjected to two doses with an overnight rest in between. ELISA testing revealed a stronger
TNF-a response upon first exposure compared to restimulation, corroborated by quantitative
real-time polymerase chain reaction, which showed much stronger TNFA expression in first
exposure monocytes. The observed patterns closely mimic those demonstrated in several
reports of monocytes in sepsis patients, characterised by sepsis-induced immune paralysis.
OR2B6 expression was not reliably detected during both first stimulation with LPS and in
endotoxin tolerance (restimulation), suggesting that olfactory receptor gene expression may
not be inducible by bacterial pathogen-associated molecular patterns. Although the impact of
ectopic ORs on sepsis-induced immune paralysis remains largely unknown, this study provides
multiple avenues through which further work may be carried out to elucidate the role of ORs

in the host response during sepsis.



Table of Contents

LIST OF FIGURES
LIST OF TABLES
LIST OF ABBREVIATIONS

1 INTRODUCTION
1.1 Regulation of the Inflammatory Response and Promoting Innate Immune Memory
111 Epigenetic Influences on Trained Immunity and Immune Tolerance

1.1.2 Metabolic Influences on Trained Immunity and Immune Tolerance

1.2 Sepsis, Immune Dysfunction and Innate Immune Memory

1.2.1 Epidemiology and Clinical Significance of Sepsis
1.2.2 Global Healthcare Burden of Sepsis
1.2.3 Pathophysiology of Sepsis and Effects on Innate Immune Memory

1.3 Olfactory Receptors
1.3.1 The Structure and Signalling of Olfactory Receptors
13.2 The Olfactory Receptor Genes
133 Regulation of Olfactory Receptor Gene Expression
1.3.4 Ectopic Olfactory Receptors and Innate Immune cells

1.4 Hypothesis, Aims and Objectives of this Study

2  MATERIALS AND METHOD

2.1 Critically Ill Patient Populations, Public Datasets and Ethics Declarations
2.2 Public Datasets of Human Endotoxemia and Innate Immune Cell Models
23 Genome-wide Gene Expression Data Processing and Bioinformatics

2.4  Validation Cohort and Ethical Declaration

2.5 Whole blood Processing and Monocyte Enrichment

2.6 Primary Monocyte Stimulations

2.7 Enzyme-Linked Immunosorbent Assay Protocol

2.8 Antibodies and Flow Cytometry

2.9 RNA Isolation

2.10 Reverse-Transcription quantitative Polymerase Chain Reaction (RT-qPCR)

Vi

Vill

10
11

15
15
17
18
20

23

26

26

29

33

36

36

39

40

41

42

43



2.11 Statistics 50

3  RESULTS 52

3.1 Olfactory receptor gene expression in whole blood of critically ill patients with sepsis or

non-infectious aetiologies 52
3.2 Source-specific olfactory receptor gene expression in sepsis 56
3.3 Olfactory receptor gene expression in specific peripheral blood mononuclear cells 61
3.4 Time course of olfactory receptor gene expression in human endotoxemia 66

3.5 Olfactory gene expression in human monocyte-derived macrophages and bronchial
epithelial cells 72

3.6 Inducibility of OR2B6 in stimulated primary human monocytes and endotoxin tolerance 73

4  DISCUSSION 79
REFERENCES 87
APPENDIX | 106
APPENDIX I 113



List of Figures

Figure 1.1: The paradigm of simultaneous pro- and anti-inflammatory reactions during the host
response to infection. 12

Figure 1.2: A general Olfactory Receptor signalling pathway. 16

Figure 2.1: A visual summary of the experimental process used to investigate OR expression
kinetics over the course of the in vivo innate immune response as carried out in Scicluna et al’s
study in 2020. 32

Figure 2.2: A visual summary of the bioinformatics analysis carried out for the purposes of
assessing olfactory receptor gene expression on innate immune cells in sepsis and infection. 35

Figure 2.3: Thermal Profile for cDNA synthesis PCR program. 45
Figure 2.4: Thermal Profile for Shuttle qRT-PCR Run. 48

Figure 3.1: Overall patterns of gene expression in whole blood of all-cause sepsis patients
compared to healthy volunteers. Volcano plot 53

Figure 3.2: Patterns of gene expression for olfactory receptors (highlighted in yellow and orange)
in whole blood of all-cause sepsis patients compared to healthy volunteers. 53

Figure 3.3: Patterns of overall gene expression in whole blood of all-cause sepsis patients
compared to non-infectious ICU controls. 55

Figure 3.4: Patterns of olfactory receptor gene expression in whole blood of all-cause sepsis
patients compared to non-infectious ICU controls. 55

Figure 3.5: Dot Plot representing the trends of olfactory receptor gene expression (highlighted in
red) within sepsis patients and non-infectious controls, compared to healthy volunteers. 56

Figure 3.6: Dot plots representing comparisons of olfactory gene expression (highlighted in red)
across different anatomical sites in sepsis patients. 57

Figure 3.7: Patterns of overall gene expression in whole blood of septic CAP patients and non-
infectious CAP controls. 60

Figure 3.8: Patterns of overall gene expression in whole blood of septic patients with
intraabdominal infections, and their respective ICU controls. 60

Figure 3.9: Patterns of olfactory receptor gene expression in the whole blood of septic patients
with intraabdominal infections, and their respective ICU controls. 61

Figure 3.10: Olfactory receptor gene expression patterns in CD14-positive monocytes, sorted
PBMCs study (Khan et al 2020). 62

Figure 3.11: Olfactory receptor gene expression patterns in CD4-positive T-cells. 63

Vi



Figure 3.12: Olfactory receptor gene expression patterns in CD8-positive T-cells. 63
Figure 3.13: Olfactory receptor gene expression patterns in CD19-positive B-cells. 64

Figure 3.14: Overall olfactory receptor gene expression patterns for whole blood, during the 2nd
hour of the course of the Human Endotoxemia Model (Scicluna et al 2020). 67

Figure 3.15: Overall olfactory receptor gene expression patterns for whole blood, during the 4th
hour of the course of the Human Endotoxemia Model. 67

Figure 3.16: Overall olfactory receptor gene expression patterns for whole blood, during the 6th
hour of the course of the Human Endotoxemia Model. 68

Figure 3.17: Visual summary of OR expression kinetics in peripheral whole blood over the course
of the first 6 hours of the human endotoxemia model. 71

Figure 3.18: Olfactory receptor gene expression patterns in human monocyte-derived
macrophages in response to LPS stimulus (Malmstrom et al 2020). 72

Figure 3.19: Olfactory receptor gene expression patterns in human bronchial epithelium
following stimulation by bacterial flagellin, after filtering out for statistical significance (Ramirez-
Moral et al 2021). 73

Figure 3.20: Representative flow cytometry data of enriched monocytes. 74

Figure 3.21: Bar Graph showcasing increases in TNF-a concentration following stimulations and
restimulations of PBMCs by TLR-4-mediated signalling with LPS. 75

Figure 3.22: Bar Chart visualising differences in expression ratios for TNFA in PBMCs exposed to
culture medium, primary LPS stimulation, and secondary LPS restimulation, respectively. 76

Figure 3.23: Bar Chart visualising differences in expression ratios for OR2B6 in PBMCs exposed to
culture medium, primary LPS stimulation, and secondary LPS restimulation, respectively. 77

Figure 4.1: Overview of Olfactory Receptor (OR) gene expression findings. 80

vii



List of Tables

Table 2.1: Summary and demographics of critically ill patients and healthy volunteers included in
this thesis from the MARS Consortium Study. 27

Table 2.2: The volumes of components in the Template RNA/Primer mixture for each sample in
cDNA Synthesis. 44

Table 2.3: The volumes of components in the reaction mixture for each sample in cDNA
Synthesis. 45

Table 2.4: The volumes of components in the reaction mixture for each sample in gRT-PCR. 47

Table 3.1: Olfactory Receptor genes that were found to be commonly expressed between two or
more types of PBMCs in Khan et al (2020)’s study. 65

Table 3.2: Table of olfactory receptor genes expressed by multiple PBMC types at the 2-hour
time point of the Human Endotoxemia Model. 68

Table 3.3: Table of olfactory receptor genes expressed by multiple PBMC types at the 4-hour
time point of the Human Endotoxemia Model. 69

Table 3.4: Table of olfactory receptor genes expressed by multiple PBMC types at the 6-hour
time point of the Human Endotoxemia Model. 70

viii



List of Abbreviations

5-parametric logistic
Intra-abdominal infection
Adenylate cyclase lll
Beta-actin Gene
Androgen induced 1 Gene
AU-rich binding element

Adenosine triphosphate

Adenosine triphosphatase phospholipid transporting 9A Gene

Fluorescence-activated cell sorting Arialll machine
Benjamini-Hochberg

Bone marrow

Cyclic adenosine monophosphate

Community-acquired pneumonia

Cardiovascular infections

Chemokine ligand 20 Gene

Central Committee on Research Involving Human Subjects
Chemokine receptor type 3 Gene

CD24 Antigen Gene

CD177 Antigen Gene

Complementary DNA

CCAAT/Enhancer-binding protein-Alpha

Cluster of differentiation

Cyclic nucleotide gated

Chronic obstructive pulmonary disease

Coronavirus disease of 2019

Quantification Cycle

Clustered regularly interspaced short palindromic repeats
CRISPR-associated protein 9

Coefficient of variation

5-PL
Abdo
ACII
ACTB
AlG1
ARE
ATP
ATP9A
BD

BH

BM
cAMP
CAP
Cardio
CCL20
CCMO
CCR3
CD24
CD177
cDNA
CEBPa
CcD
CNG
COPD
COVID-19
Cq
CRISPR
CRISPR-Cas9
Ccv



Detection above background
Damage-associated molecular pattern
Dendritic cells

Death-inducing signalling complexes
Deoxyribonuclease

Deoxynucleoside trisphosphate

Dulbecco’s phosphate-buffered saline
Escherichia coli

Enzyme-linked immunosorbent assay
Fluorescence-activated cell sorting

Foetal calf serum

Fibroblast growth factor binding protein 2 Gene
Fluorescein isothiocynate

Forward scatter

GATA Binding Protein 3 Gene

Gene expression omnibus

Granulocyte macrophage-colony stimulating factor
G-protein coupled receptor

G protein-coupled receptor 132

Genome Consortium human genome build 38
Guanosine triphosphatase

Histone 3 lysine 9 trimethylation

Histone 4 lysine 20 trimethylation
Hospital-acquired pneumonia

Human bronchial epithelium / epithelial
Hierarchical Indexing for Spliced Alignment of Transcripts version 2
Hyper immunoglobulin D syndrome
Hypoxia-inducible factor

Human Leukocyte Antigen

Major histocompatibility complex, Class Il, DP Alpha 1 Gene

DABG
DAMP
DCs

DISC
DNase
dNTP
DPBS

E. coli
ELISA
FACS

FCS
FGFBP2
FITC

FSC
GATA3
GEO
GM-CSF
GPCR
Gpril32
GRCh38
GTP-ase
H3K9me3
H4K20me3
HAP

HBE
HISAT2
HIDS

HIF

HLA
HLA-DPA1



Major histocompatibility complex, Class Il, DM Alpha Gene HLA-DMA

Human Leukocyte Antigen-Death Receptor HLA-DR
High-mobility group box HMGB
Haptoglobin Gene HP
Hot start HS
Haematopoietic stem cells HSC
High-throughput sequencing HTSeq
Intensive care unit ICU
IDNK Glucokinase Gene IDNK
Interleukin IL
Lymphoid enhancer binding factor 1 Gene LEF1
Linear Models for Microarray Data Limma
Fold-change converted to a logarithmic scale LogFC
Lipopolysaccharide LPS
Lactotransferrin Gene LTF
Lymphocyte antigen 96 LY96
Molecular Diagnosis and Risk Stratification of Sepsis MARS
Monocyte chemotactic protein 1 MCP-1
Myeloid differentiation factor 2 MD-2
Monocyte-derived macrophage MDM
Myeloid-derived suppressor cell MDSC
Multiple EGF-like domains 6 Gene MEGF6
Membrane metalloendopeptidase Gene MME
Moloney Murine Leukaemia Virus MMLV
Matrix metalloprotease 8 Gene MMP8
Multipotent progenitors MPP
Messenger ribonucleic acid mRNA
Transcript abundance No
Quantification threshold Np
National Center for Biotechnology Information NCBI

Xi



Nucleotide-binding oligomerisation domain

NLR family pyrin domain-containing protein 1

NLR family pyrin domain-containing protein 1 Gene

NLR family pyrin domain-containing protein 3

Nuclear factor kappa-light-chain-enhancer of activated B cells
Natural killer

Nonsense-mediated decay

Optical density

Olfactomedin 4 Gene

Mouse olfactory G protein-coupled receptor 2 Gene
Mouse olfactory G protein-coupled receptor 78 Gene
Olfactory receptor

Olfactory receptor family 1 subfamily D member 5 Gene
Olfactory receptor family 2 subfamily A member 1 Gene
Olfactory receptor family 2 subfamily A member 7 Gene
Olfactory receptor family 2 subfamily A member 14 Gene
Olfactory receptor family 2 subfamily A member 42 Gene
Olfactory receptor family 2 subfamily AK member 2 Gene
Olfactory receptor family 2 subfamily AT member 4 Gene
Olfactory receptor family 2 subfamily B member 2 Gene
Olfactory receptor family 2 subfamily B member 6 Gene
Olfactory receptor family 2 subfamily B member 11 Gene
Olfactory receptor family 2 subfamily H member 2 Gene
Olfactory receptor family 2 subfamily G member 2 Gene
Olfactory receptor family 2 subfamily G member 6 Gene
Olfactory receptor family 2 subfamily L member 2 Gene
Olfactory receptor family 2 subfamily L member 5 Gene
Olfactory receptor family 2 subfamily L member 5 Gene
Olfactory receptor family 2 subfamily T member 1 Gene

Olfactory receptor family 2 subfamily T member 3 Gene

xii

NLRP
NLRP1
NLRP1
NLRP3
NF-xf
NK
NMD
oD
OLFMA4
Olfr2
Olfr78
OR
OR1D5
OR2A1
OR2A7
OR2A14
OR2A42
OR2AK2
OR2AT4
OR2B2
OR2B6
OR2B11
OR2H2
OR2G2
OR2G6
OR2L2
OR2L5
OR2L8
OR2T1
OR2T3



Olfactory receptor family 2 subfamily T member 10 Gene OR2T10

Olfactory receptor family 2 subfamily T member 12 Gene OR2T12
Olfactory receptor family 4 subfamily F member 15 Gene OR2F15
Olfactory receptor family 5 subfamily A member 2 Gene OR5A2
Olfactory receptor family 5 subfamily B member 21 Gene OR5B21
Olfactory receptor family 6 subfamily A member 2 Gene OR6A2
Olfactory receptor family 6 subfamily B member 2 Gene OR6B2
Olfactory receptor family 6 subfamily P member 1 Gene OR6P1
Olfactory receptor family 7 subfamily G member 3 Gene OR7G3
Olfactory receptor family 8 subfamily A member 1 Gene OR8A1
Olfactory receptor family 8 subfamily G member 5 Gene OR8G5
Olfactory receptor family 10 subfamily AD member 1 Gene OR10AD1
Olfactory receptor family 10 subfamily G member 3 Gene OR10G3
Olfactory receptor family 10 subfamily H member 5 Gene OR10H5
Olfactory receptor family 10 subfamily P member 1 Gene OR10P1
Olfactory receptor family 10 subfamily T member 2 Gene OR10T2
Olfactory receptor family 13 subfamily A member 1 Gene OR13A1
Olfactory receptor family 51 subfamily A member 2 Gene OR51A2
Olfactory receptor family 51 subfamily E member 2 Gene OR51E2
Olfactory receptor family 51 subfamily G member 2 Gene OR51G2
Olfactory receptor family 52 subfamily B member 2 Gene OR52B2
Olfactory receptor family 52 subfamily E member 2 Gene OR52E2
Olfactory receptor family 52 subfamily H member 1 Gene OR52H1
Olfactory receptor family 52 subfamily K member 1 Gene OR52K1
Olfactory receptor family 52 subfamily K member 2 Gene OR52K2
Olfactory receptor family 52 subfamily K member 3 Pseudogene OR52K3P
Olfactory receptor family 52 subfamily N member 1 Gene OR52N1
Olfactory receptor family 52 subfamily N member 4 Gene OR52N4
Olfactory receptor family 56 subfamily A member 1 Gene OR56A1

Olfactory receptor family 56 subfamily B member 1 Gene OR56B1

xiii



Mouse olfactory receptor 65 Gene
Mouse olfactory receptor 272 Gene
Mouse olfactory receptor 352 Gene
Mouse olfactory receptor 446 Gene
Mouse olfactory receptor 568 Gene
Mouse olfactory receptor 622 Gene
Mouse olfactory receptor 657 Gene
Mouse olfactory receptor 1014 Gene
Pathogen-associated molecular patterns
Peripheral blood mononuclear cells
Phosphate-buffered saline
Polymerase chain reaction
Phycoerythrin
Peridinin-Chlorophyll-Protein
Paraformaldehyde
Pathogen-recognition receptors

Quantitative polymerase chain reaction

Quantitative real-time polymerase chain reaction

Coefficient of determination
Retinol Binding Protein 7 Gene
Restimulations

Ribonucleic acid

Ribonuclease

Reactive oxygen species
Carboxy-X-rhodamine

Roswell Park Memorial Institute

Reverse-transcription quantitative polymerase chain reaction

$100 calcium-binding protein A8 Gene
$100 calcium-binding protein A12 Gene

Serum/glucocorticoid regulated kinase 1 Gene

Or65
Or272
Or352
Or446
Or568
Or622
Or657

Or1014
PAMP
PBMC

PBS

PCR

PE
PerCP
PFA

PRR
gPCR
gRT-PCR
R2

RPB7
Restim
RNA
RNase
ROS
ROX
RPMI
RT-gPCR
S100A8
S100A12
SGK1



Single nucleotide polymorphism
Small proline rich protein 2A Gene
Small proline rich protein 2E Gene
Side scatter

Stomatin Gene
Streptavidin-Horseradish peroxidase
Sulfatase 2 Gene
Tumour-associated macrophage
Tricarboxylic acid

Transcription factor binding sites
Toll-like receptor

Tumour necrosis factor

Tumour necrosis factor-Alpha

Regulatory T-Cells

Glutamine catabolism and uridine diphosphate N-

acetylglucosamine

University Research Ethics Committee Research Ethics and Data

Protection

Urinary tract infections
Untranslated region
Window of Linearity

World Health Organisation

XV

SNP
SPRR2A
SPRR2E

SsC

STOM
Streptavidin-HRP
SULF2

TAM

TCA

TFBS

TLR

TNF

TNF-a

Treg

UDP-GIcNACc

URECA-REDP

Uros
UTR
W-o-L
WHO



Chapter 1:

Literature Review



1 Introduction

Innate immune memory is a fundamental adaptation of innate immune cells that
refers to the ability to develop a functional memory-like response following initial encounters
with certain pathogens or stimuli. While the innate immune system is traditionally thought to
lack specific memory, recent research has shown that innate immune cells can exhibit a form
of memory-like behaviour, for example tolerance or trained immunity (Divangahi et al 2021).
Innate immune memory is observed mainly in myeloid cells, including monocytes,
macrophages, and natural killer cells (Netea et al 2011, Cerwenka and Lanier 2016). When
these cells are exposed to a pathogen or stimulus, they are understood to undergo
reprogramming involving epigenetic modifications, metabolic shifts, and altered
transcriptional patterns that persist even after the initial stimulus has been cleared.
Reprogramming of innate immune cells can have two opposing consequences, that is either
enhanced or impaired responses upon subsequent encounters with the same or related
pathogens. Enhanced responses, also known as priming or trained immunity, include
increased production of pro-inflammatory cytokines, elevated phagocytic activity, heightened
antimicrobial functions, and improved antigen presentation. On the other hand, impaired
responses refer to regulatory mechanisms that prevent excessive or inappropriate responses
to self-antigens or harmless environmental stimuli, also known as innate immune tolerance.
Tolerance involves the dampening or suppression of the innate immune response, leading to
a state of reduced inflammation and immune activation, whereas the mechanisms underlying
priming or trained immunity potentiate the immune response (Divangahi et al 2021). In
general, innate immune memory allows for a more rapid and robust response to subsequent
infections, contributing to improved pathogen clearance and host defence. The mechanisms
underlying innate immune memory involve various molecular pathways, including pattern
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recognition receptors (PRRs), cytokines, and metabolic reprogramming. Specific molecules,
such as histone modifications, microRNAs, and transcription factors, play important roles in

mediating the long-term changes in innate immune cell function.

Innate immune memory should not be confused with immunological memory, which
refers to the ability of the immune system to recognize and "remember" specific pathogens
or antigens it has encountered in the past. Immunological memory is a fundamental feature
of the adaptive immune response, which is the branch of the immune system responsible for
mounting a targeted and specific defence against pathogens. When the immune system
encounters a foreign substance, such as a bacterium or a virus, specialized cells called
lymphocytes, particularly B cells and T cells, are activated to recognize and respond to the
specific antigens associated with that pathogen (Janeway et al 2001). During this initial
encounter, some of these lymphocytes undergo clonal expansion and differentiate into
effector cells, which work to eliminate the pathogen. Other lymphocytes that have been
activated transform into long-lasting memory cells (Parham 2014). If the same pathogen is
encountered again in the future, the immune system can rapidly and efficiently mount a
stronger and more targeted response. This secondary response is characterized by a faster
production of specific antibodies by memory B cells and a rapid activation of memory T cells.
The presence of memory cells allows for a quicker and more effective immune response upon
re-exposure to the same antigen. This phenomenon is the basis for the effectiveness of
vaccines, as they stimulate the immune system to generate memory cells without causing the

disease (Parham 2014).

Recent studies have suggested that the mechanisms underlying innate immune

memory can explain the aberrant immune reactions that characterize the pathophysiology of
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sepsis (van der Poll et al 2017). Sepsis refers to the dysfunctional host response to an infection
leading to lethal organ dysfunction (Singer et al 2016). Sepsis remains one of the oldest and
most prominent clinical syndromes without a definitive therapeutic target in intensive care
environments (Angus and van der Poll 2013). Our current understanding of sepsis
pathophysiology involves a combination of both innate and adaptive immune responses,
including the potential involvement of innate immune memory (van der Poll et al 2021). The
role of innate immune memory in sepsis is still an area of active research, and its precise
contributions and mechanisms in the context of sepsis pathophysiology are not yet fully
understood. It is likely that the interplay between dysregulated immune responses, including
both sustained inflammation and immunosuppression, and potential effects of innate

immune memory mechanisms, contributes to the complex pathophysiology of sepsis.

Advances in genomics and computational biology have heralded an exponential
increase in our understanding of previously unknown, but potentially crucial regulatory
factors in sepsis immunopathology. A recent study on blood leukocytes obtained from sepsis
patients of divergent infectious aetiologies, unmasked a transcriptional network of genes
involved in olfactory receptor (OR) activity as a potential driver of the systemic response
during sepsis (Scicluna et al 2020). ORs make up the largest family of G-Protein Coupled
Receptors (GPCR), being themselves Class | GPCRs. For a long time, ORs have been thought to
be exclusive to the cell surface of olfactory sensory neurons of the main olfactory epithelium.
By binding exogenous chemical ligands referred to as odorants, ORs grant the sense of smell
through a signalling pathway in which the receptor couples with the olfactory G-Protein
(Pietraszewska-Bogiel et al 2019, Tong et al 2021). Although humans possess around 390
different OR genes (Tong et al 2021), so far only around 50 odorant-receptor relationships
between odorants and their respective receptors have been identified (Pietraszewska-Bogiel
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et al 2019). Despite initial assumptions on the localisation of ORs, recent studies have
identified that ORs are not strictly localized to the olfactory epithelium but are also present in
other non-olfactory tissues (Tong et al 2021). These ectopic ORs fulfil a variety of functions,
including but not limited to cytokinesis (Zhang et al 2012), cell proliferation (Neuhaus et al
2009), sperm cell and monocyte chemotaxis (Spehr et al 2003), insulin and glucagon secretion
(Munakata et al 2018, Kang et al 2015), regulation of breathing (Chang et al 2015), and
myocardial activity (Kim et al 2015a). Although OR gene expression has been reported in
macrophages of mice and humans during inflammation (Orecchioni et al 2022), the precise
mechanisms and functional implications of OR gene expression in leukocytes during
inflammation and inflammatory disorders is still evolving. These emerging reports certainly
highlight the intriguing cross-talk between the olfactory system and the immune system.
Whether ORs contribute to innate immune tolerance and sepsis pathophysiology is

unexplored.

1.1 Regulation of the Inflammatory Response and Promoting Innate
Immune Memory

Elucidating the molecular circuitry that regulates the inflammatory gene program,
which in turn promotes innate immune memory to diminish disease pathology while
maintaining antimicrobial immunity has been a major challenge in the field (Medzhitov and
Horng 2009, Smale 2010, Ochando et al 2023). Although immune memory has been normally
attributed to the adaptive immune system, the innate immune system can also “learn” from
past exposures to pathogens or antigens. Innate immune cells can either gain the ability to
mount a rapid and relatively more robust response to a secondary exposure, or in contrast,

dampen their reactivity to repeated challenges. The latter functional adaptation is known as

Page | 4



immune tolerance, also referred to as endotoxin (e.g. lipopolysaccharide (LPS)) tolerance (Fan
and Cook 2004, Biswas and Lopez-Collazo 2009), whereas the former has been termed trained
immunity, which was first coined in 2011 (Netea et al 2011). Both processes are understood
to be governed by multiple epigenetic changes that reprogram innate immune cells thereby
modulating the immune response (Foster et al 2007, Netea et al 2016). Although cells go back
to being inactive following the initial stimulus, epigenetic alterations that persist allow for a
quicker and more potent response, or a dampened reaction when the antigen is encountered
again (Divangahi et al 2021). The typical inducers of this ‘training’ are pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs); they can
produce trained immunity and tolerance in the blood and tissues (peripheral trained
immunity) as well as in hematopoietic stem cells in the bone marrow (central trained
immunity) (Kaufmann et al 2018). Importantly, although dysfunctional innate immune
responses may lead to chronic inflammatory illnesses and autoimmune disorders, trained
immunity and tolerance may have evolved under continual evolutionary pressure to give

greater protection against pathogens and/or injury (Bekkering et al 2021, Lajqi et al 2023).

Trained immunity and immune tolerance are currently regarded as opposing
properties of innate immune cells (Ifrim et al 2014), however similarities are also evident
(Divangahi et al 2021). It is important to understand that the plasticity of innate immune cells
allows them to adapt to various situations in the highly diverse innate immune compartments.
Insults such as traumatic injury, infections, environmental toxins and vaccination, promote
adaptations to innate immune cells as they migrate out of the bone marrow tissue
microenvironment and travel through the blood and other tissues. Notably, the magnitude
and duration of exposure to insults can induce specific adaptations that either enhance or
dampen the immune response to prevent excessive immunopathology. Prime examples of

Page | 5



these innate immune cell adaptive programs are differentiation, priming, tolerance and
trained immunity (Divangahi et al 2021). Regulating innate immune memory can be a powerful
therapeutic approach in various disease contexts. For instance, promoting immune tolerance
in chronic inflammatory disorders or in organ transplantation are interesting therapeutic
possibilities. It might be advantageous to establish trained immunity to support particular

cancer treatments or to alleviate the sepsis-induced immunosuppression orimmune paralysis.

1.1.1 Epigenetic Influences on Trained Immunity and Immune Tolerance

Trained immunity and immune tolerance have been reported in various innate
immune cells, including monocytes, macrophages, dendritic cells (DCs) and Natural Killer (NK)
cells (Foster et al 2007, Langenkamp et al 2000, Souza-Fonseca-Guimaraes et al 2012). The
primary myeloid-derived cell-types that have been strongly tied to innate immune memory
are the monocytes and macrophages, key orchestrators of the immune response. The
plasticity of these myeloid cells enables them to adopt several functional states according to
extracellular cues (Jakubzick et al 2017, Locati et al 2020). In a resting state, inflammatory
gene loci of monocytes and macrophages have been associated with both open (euchromatin)
and closed chromatin (heterochromatin) conformations, depending on the primacy of the
protein product in the inflammatory response. For example, ribonucleic acid (RNA)
polymerase Il has been observed poised at promoters of prototypical pro-inflammatory
cytokines that include Tumour Necrosis Factor (TNF) (Adelman et al 2009). In doing so, potent
soluble mediators of the inflammatory response are readily produced and secreted upon PRR
activation, such as the case of recognition of LPS by the Toll-like receptor (TLR) 4, myeloid
differentiation factor (MD)-2 (also termed lymphocyte antigen 96 (LY96)) and cluster-of-

differentiation (CD)14 receptor complex (Kawai et al 2010). TNF exerts profound effects on
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systemic and tissue physiology and is understood to drive approximately half of the acute
systemic inflammatory response in vivo (Scicluna et al 2013). Later stages of the inflammatory
response in macrophages have been associated with chromatin remodelling events making
specific regions of the genome accessible to numerous transcription factors and chromatin
modifying factors (Medzhitov and Horng 2009). Such regions harbour genes involved in
antimicrobial reactions, negative regulation of the inflammatory response and cell cycle

control (Foster et al 2007).

1.1.2 Metabolic Influences on Trained Immunity and Immune Tolerance

Advances in genomics have permitted more comprehensive analyses of the
inflammatory response to microbes and their ligands, including the identification of several
novel cellular biological pathways in response to LPS exposure, particularly metabolic
pathways that include oxidative phosphorylation, glycolysis, fatty-acid metabolism,
cholesterol biosynthesis and pentose phosphate pathways (O’Neill and Pearce 2016). For
example, the production of interleukin (IL-)1B after LPS stimulation of macrophages was
strongly dependent on the activation of glycolysis, specifically mediated by the intermediate
metabolite succinate (Tannahill et al 2013). Accumulation of succinate was responsible for the
activation of the transcription factor hypoxia-inducible factor (HIF)1a, which potentiated the
expression of pro-inflammatory genes. In addition, murine macrophage polarization to either
a pro-inflammatory, antimicrobial state (termed M1), or to an M2-state characterized by anti-
inflammatory and tissue repair activities were dependent on metabolic reprogramming (Jha
et al 2015). Specifically, M2 polarization was attributed to glutamine catabolism and uridine
diphosphate N-acetylglucosamine (UDP-GIcNAc). Mouse M1 macrophages were

characterized by a metabolic break at the enzyme that converts isocitrate to alpha-
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ketoglutarate in the tricarboxcylic acid (TCA) cycle. Metabolic reprogramming and epigenetic
mechanisms are understood to be integral to establishing immune tolerance or trained
immunity in monocytes and macrophages (Dominguez-Andres and Netea 2019). For example,
the metabolite mevalonate in the cholesterol biosynthesis pathway was identified as a key
factor in promoting trained immunity in macrophages (Bekkering et al 2018). Moreover, in the
same study monocytes of patients diagnosed with hyper immunoglobulin D syndrome (HIDS),
characterized by deficiency in mevalonate kinase and abnormal accumulation of mevalonate,
exhibited a constitutive trained immunity phenotype that may explain the sudden flares of
sterile inflammation in these patients. In a separate study on immune tolerance, an epigenetic
and transcriptional axis involving cholesterol biosynthesis genes was associated with the
manifestation of an immune (endotoxin) tolerant phenotype in circulating monocytes of
patients hospitalized due to community-acquired pneumonia relative to age and sex-matched
control participants (Brands et al 2021). Of note, both trained immunity and tolerant
phenotypes in monocytes lasted longer than the established 24 — 48-hour lifespan of
circulating monocytes (Patel et al 2017). Trained monocytes persisted in the peripheral blood
for at least three months (Kleinnijenhuis et al 2012), whereas immune tolerance exemplified
by reduced production of IL-6 in monocytes persisted for at least one month after infection
(Brands et al 2021). The persistence of these trained and tolerant monocytes is likely
maintained by modifications of existing haematopoietic progenitor cells in the bone marrow,

continuing to replenish the numbers as they turn over (Saeed et al 2014).
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1.2 Sepsis, Immune Dysfunction and Innate Immune Memory

1.2.1 Epidemiology and Clinical Significance of Sepsis

Sepsis remains a global healthcare problem. It is defined as the dysregulated host
response to infection that leads to lethal organ dysfunction (Singer et al 2016). In 2017, the
global incidence of sepsis was estimated at 48.9 million cases, and 11 million attributable
deaths representing 19.7% of all deaths worldwide (Rudd et al 2020). Respiratory infections,
including pneumonia, intra-abdominal and urinary tract infections are causes of sepsis,
particularly in older individuals (Vincent et al 2006) The sepsis incidence rate in Malta in 2017
was estimated at 1349 patients per year, and mortality rate at 20.2% (Rudd et al 2020). While
age-standardized incidence and mortality have declined between 1990 and 2017 (Rudd et al
2020), mainly attributable to advances in antimicrobial therapy and supportive care (Prescott
and Angus 2018), sepsis survivors continue to suffer long-term complications (Shankar-Hari
and Rubenfeld 2016). These figures, however, may actually be much higher due to the
difficulties in reporting cases of sepsis in countries of a lower socioeconomic standard (Dugani
et al 2017). Globally, sepsis has been associated with an average of around 25 — 30% of
hospital fatalities, a figure that rises to 40 —50% in cases complicated by other co-morbidities
and complications (Cohen et al 2015). Patients diagnosed with septic shock, a major
complication of sepsis reflecting vascular endothelium failure, have mortality rates as high as
70% (Singer et al 2016, Angus and van der Poll 2013). It has been widely hoped that a
revolution in treatment, that is immunotherapy, would provide much-needed aid to improve
outcomes. However, numerous clinical trials targeting components of the host inflammatory
response have so far resulted in no significant improvements (Marshall 2014, Prucha and et al

2017).
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1.2.2 Global Healthcare Burden of Sepsis

It is evident that sepsis carries a high burden on patients, their relatives, health care
systems and accompanied by significant socioeconomic costs. A study by Paoli et al (2018) on
the healthcare costs of sepsis in the United States assessed that on average, patients aged
around 65 years required $24,638, and $38,298 to treat sepsis and septic shock, respectively.
These costs were found to fluctuate depending on whether a patient was hospitalised with
sepsis upon admission, or whether the development of sepsis was the result of a nosocomial
infection. In 2018, the treatment, management and rehospitalisation of patients due to sepsis
in the United States is estimated to tally an annual cost of about $62 billion (Danna 2018). A
more recent study concerning the evaluation of healthcare costs of sepsis was carried out by
van den Berg et al (2022), who selected 26 studies dated between January 2010 and January
2022 for evaluation. This study found that the mean costs varied largely from country to
country, with an average healthcare cost of €36,191 per person, an upper quartile of €53,349
and a lower quartile of €17,158. On average, countries were found to have spent 2.65% of
their healthcare budgets on treating and managing sepsis, comprising 0.33% of their gross
national product (GNP) (van den Berg et al 2022). Another recent study carried out by Schmidt
et al (2022) in Germany focused on the associated healthcare costs of sepsis survivors after
leaving intensive care. It was noted that patient re-hospitalisations within the first six months
of discharge contributed the most towards increasing the healthcare burden, with an average
of €13,787 per rehospitalisation. Without rehospitalisation, healthcare costs concerning
management and recovery from sepsis were found to be noticeably lower (Schmidt et al
2022). Altogether, these alarming estimates and lack of an approved specific treatment
prompted the World Health Organization (WHO) to pass a resolution in 2017 recognizing

sepsis as a global health priority (Reinhart et al 2017).
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1.2.3 Pathophysiology of Sepsis and Effects on Innate Immune Memory

One of the main pathophysiological features of sepsis is widespread simultaneous pro-
and anti-inflammatory pathways (van der Poll et al 2021). Excessive pro-inflammatory
reactions damage tissues during the acute phase, while sepsis-induced immunosuppression
(or immune paralysis) increases the risk of nosocomial infections and maladapted tissue
recovery (Figure 1.1). A consistent observation in patients with sepsis and mouse models of
sepsis is that monocytes-macrophages are tolerant, or show a reduced ability to respond to
LPS and other PAMPs and DAMPs. These observations have been credibly documented in
studies of whole-blood organ culture, where LPS, high-mobility group box (HMGB) 1, or other
stimulating chemicals are introduced directly into fresh whole blood taken from patients
(Cavaillon and Adib-Conquy 2006, Monneret et al 2008). Monocytes in the blood of patients
with sepsis release 80%—90% less TNF, IL-1, and other soluble mediators of the host
inflammatory response compared to healthy individuals. Notably, this sensitivity deficit is not
specific to LPS, but also to other TLR ligands (Monneret et al 2008, de Vos et al 2009). The
mechanism underlying this tolerant condition is uncertain, however it may involve
differentiation to the alternatively activated phenotype or M2 status, downregulation of TLR4
expression, impaired NF-kB signalling (Iskander et al 2013), and more recently due to several
widespread defects in immune cell metabolism (Cheng et al 2016). Analysis of post-mortem
tissue revealed that cells taken from the spleen and lung exhibited suppressed cytokine

responses, which was indicative of immunosuppression (Boomer et al 2011).
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Figure 1.1: The paradigm of simultaneous pro- and anti-inflammatory reactions during the host
response to infection. The host response to infection consists of a balance of pro-inflammatory and
anti-inflammatory reactions. It begins with an acute hyperinflammatory phase in which innate immune
cells are recruited en masse to the site of infection. To limit the damage caused by hyperinflammation,
anti-inflammatory reactions commence simultaneously to gradually decrease the inflammatory
response. Under normal circumstances, both pro- and anti-inflammatory reactions eventually balance
out to maintain homeostasis. However, this homeostatic control is lost in sepsis, leading to cumulative
organ damage, immunosuppression, and eventually death (Figure created using BioRender).

Recent large clinical genomics studies in whole blood leukocytes obtained from sepsis
patients have shown that transcriptional signatures attuned to immunosuppressive patterns
and endotoxin tolerance, suggestive of immune paralysis, were associated with poor
prognosis (Davenport et al 2016, Scicluna et al 2017). A study by Boomer et al (2012)
discovered an overall reduction of circulatory innate immune cells in cases of early acute
sepsis, coupled with a decrease in pro-inflammatory and antimicrobial effector receptors on
T-cells as the disease progressed (Boomer et al 2012). These changes were further

compounded by the decrease of ligands for costimulatory receptors while those for inhibitory

receptors increased. The shift in ligands is also accompanied by an increase of both regulatory
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T-cell (Treg) and myeloid-derived suppressor cells (MDSC) in early sepsis, which further
support the development of immune paralysis by inhibited action across the innate and
adaptive immune responses (Boomer et al 2012, Bomans et al 2018, Nakamori et al 2021).
Guisset et al (2007) discovered an overall reduction of circulatory dendritic cells during acute
sepsis, while Hotchkiss et al (2002) noted a significant reduction of splenic follicular dendritic
cells during sepsis. Both studies are suggestive of widespread apoptosis of effector cells during
sepsis (Hotchkiss et al 2002, Guisset et al 2007), a process that is facilitated by increased
caspase enzyme activity via the formation of death-inducing signalling complexes (DISC)
(Nakamori et al 2021). Studies by De et al (2003) and Faivre et al (2007) also suggested that
monocytes also demonstrated functional impairments in sepsis; being unable to affect a T-
Cell proliferation response and differentiate into functional DCs in vitro (De et al 2003, Faivre

et al 2007).

In addition, sepsis has been correlated with a severely reduced level of cell-surface
human leukocyte antigen (HLA)-DR on circulating monocytes. HLA-DR is a cell surface
molecule which is used as an indicator for monocyte and macrophage functional states, shown
to be upregulated by IFN-y and downregulated by IL-10 (Monneret et al 2008). The link
between low HLA-DR expression and monocyte dysfunction in sepsis was investigated by Wolk
et al (2000) using the immune tolerance model, wherein monocytes demonstrated decreased
IFN-y production and T-cell proliferation, consequently leading to a low expression of
monocytic HLA-DR (Wolk et al 2000). Although no distinct cut-offs have been defined for HLA-
DR, low levels of expression have frequently been linked with a poor patient outcome in the
cases of sepsis (Monneret et al 2008, Nakamori et al 2021). Granulocyte macrophage-colony
stimulating factor (GM-CSF) or interferon gamma administration may increase monocyte
cytokine production, HLA-DR expression, and numbers of IL-17-expressing CD4+ T cells;
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however, it is unknown whether this will improve organ function, physiological homeostasis,

or survival.

During the host response to infection, haematopoietic stem cells (HSCs) in the bone
marrow (BM) may be activated when exposed to LPS, proliferating and then differentiating
from their long-term self-renewing phenotypes to form shorter-lived multipotent progenitors
(MPPs) (de Laval et al 2020). These then differentiate into downstream progenitors based on
transcriptional influences in the external environment, performing lineage-specific renewal
effector myeloid or lymphoid cell populations (Mitroulis et al 2018, Schultze et al 2019). The
resulting shift in epigenetic and transcriptional landscape following the acute proliferation
stage is considered the foundation upon which innate immune memory at the progenitor level
is established, (Netea et al 2016), facilitating rapid and efficient myelopoiesis upon secondary
exposure (Mitroulis et al 2018, Schultze et al 2019). This is especially true in the case of
granulocyte-monocyte progenitors, which are key to the proliferation of trained monocytes
and the maintenance of longer-term innate immune memory (Bomans et al 2018). A study by
Rodriguez et al (2009) provides evidence that the overall reduction of mature effector myeloid
cells in sepsis may be linked to induced quiescence in HSCs, preventing them from
differentiating into MPPs. HSCs exposed to septic conditions (i.e. repeated exposures to LPS)
demonstrated expansive cell replication in response to immunogenic stimuli, but were noted
to remain in a state of cell-cycle arrest. These ‘septic’ HSCs presented downregulated
expression of transcription factors such as PU.1 and CCAAT/Enhancer-binding protein-Alpha
(CEBPa) and marked increases in cell-cycle inhibitors such as p21 and the guanosine

triphosphatase (GTP-ase) LRG47 (Rodriguez et al 2009).
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1.3 Olfactory Receptors

1.3.1 The Structure and Signalling of Olfactory Receptors

ORs form part of the largest family of GPCRs, which are membrane-bound proteins. All
GPCRs bear a similar segmented structure of seven alpha-helical hydrophobic transmembrane
fragments, with the terminal ends consisting of an amino terminus extracellularly, and a
carboxyl terminus intracellularly (Kobilka 2007, Latorraca et al 2017, Cong et al 2022). Both
terminal structures demonstrate a high degree of variability, although the amino terminus has
been shown to showcase a greater degree of recombination. Furthermore, a degree of
variability has also been demonstrated in between the fifth and sixth transmembrane
segments, which in combination with the variable termini, affect receptor function (Kobilka

2007, Latorraca et al 2017).

Native GPCR ligands may bind to their corresponding receptors relatively anywhere
along the transmembrane segments in areas referred to as orthosteric sites (Kobilka 2007,
Latorraca et al 2017). However, some ligands may also alter the structure, reactivity and
sensitivity of GPCRs, modulating their affinity. These ligands are referred to as allosteric
modaulators and have proven pharmacologically popular for modulating the efficacy of various
GPCR proteins. Molecular dynamics simulations have provided evidence that GPCRs can exist
in many metastable intermediary conformational orientations, across which various
transmembrane segments can exist in simultaneously active and inactive states (Latorraca et
al 2017). Signal transduction across the GPCR is dependent on conformational changes across
the seven transmembrane segments, which contain heterodimeric G proteins and intrinsic
motifs such as ‘D(E)RY’, ‘CWLP’, and ‘NPxxY’ in the third, sixth and seventh transmembrane

segments, respectively (Kobilka 2007, Latorraca et al 2017, Cong et al 2022).
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In general, ORs contain an olfactory-specific G (Goif) protein which activates adenylate
cyclase 3 (AC3) in response to odorant binding (Figure 1.2). This enzyme produces cyclic
adenosine monophosphate (cAMP), which binds to cyclic nucleotide gated ion channels
(CNG), increasing their permeability to sodium and calcium. The resulting cationic influx
results in depolarisation, triggering signal transduction. A simultaneous influx of chloride ions
by calcium-activated anion channels further amplifies this signal. This signalling pathway is
gated against activation in the absence of odorant ligands by high ambient concentrations of
cations, generating a resting potential that determines the signal’s duration, frequency and

latency (Purves et al 2001, Antunes et al 2014).
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Figure 1.2: A general Olfactory Receptor signalling pathway. Olfactory receptors first bind to a
corresponding odorant molecule which activates an olfactory-specific Goir Protein. This protein then
activates adenylate cyclase Il (AClll), which in turn utilises adenosine triphosphate (ATP) to produce
cyclic adenosine monophosphate (cAMP). The cAMP then binds to sodium and ion channels,
facilitating the influx of sodium and calcium ions into the cell. Calcium then binds to other calcium-
gated ion channels and ion exchange proteins to amplify the signal. The duration, frequency and
latency of this signal are determined by the potential generated by differing concentrations of cations
within and outside of the cell (Figure created using BioRender, adapted using information from Kang
and Koo 2012).
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1.3.2 The Olfactory Receptor Genes

OR genes comprise the largest multi-gene family in mammalian genomes, themselves
representing 2 — 5% of the total number of protein-coding genes in the human genome
(Barnes et al 2020). OR genes are divided into two main classes: Class I; which are
concentrated on a single cluster in chromosome 7, and Class Il; which are more widespread
across all chromosomes except chromosomes 18 and Y (Degl’Innocenti and D’Errico 2017).
Although the exact number of protein-coding OR loci in the human genome is unknown, it is
estimated that from around 857 OR genes, 391 were identified as intact with a further 466

being classified as pseudogenes (Olender et al 2016).

The vast majority of OR genes can be owed to repeated duplications and
recombination, which became the genesis for new paralogue clusters required to match the
expansive repertoire of corresponding odorants and their many isotypes. However, not all OR
genes have been found to retain a close similarity to their origins, with some sharing as little
overlap as 35% in their protein-coding sequence (Barnes et al 2020). Although previous
models had suggested that most OR genes were single-exon genes lacking introns, more
recent studies have found consistencies between protein-coding OR genes and multiple-exon
gene models (lIbarra-Soria et al 2014, Barnes et al 2020). A study by Olender et al (2016)
conducting RNA-sequencing on human intact OR genes narrowed down 120 transcripts which
represented only around a tenth of the complete OR repertoire. The selected transcripts
averaged little more than 4000 base pairs (bp) in length while spanning genomic lengths more
than 8000 bp. Coding exons averaged an open reading frame of around 940 bp with a highly
variable 3’ untranslated region (UTR), and a 5’ UTR typically little less than 400 bp in length.
Splice sites per gene were found to vary between 1 -5 sites with the most common variations

being 2 — 4. The exon located close to the 3’ end on most transcripts was discovered to contain
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the full OR coding region, with a distinct lack of introns. On the 5’ end, a higher level of
recombination between OR transcripts were observed, both with exon count and intron sizes.
OR transcripts also demonstrated anywhere from 1 — 4 non-coding exons in 5’ UTR regions
(Olender et al 2016). A study by Barnes et al (2020) later supported these findings with
transcriptomic data obtained from human mucosa, accounting for more than double the
amount (254 OR genes) of gene transcripts isolated in Olender et al’s study. These transcripts
also accounted for around half of the protein-coding OR loci discovered thus far, further
increasing the coverage of the groundwork made by the previous study. Furthermore, RNA-
sequencing data from ectopic ORs in this study implicated that their 5 UTR exons may be

shared with adjacent genes, suggesting tissue specificity of ectopic ORs (Barnes et al 2020).

1.3.3 Regulation of Olfactory Receptor Gene Expression

One of the most important features that contributes to pre-transcriptional gene
regulation is the nature of the promoter region for various OR genes (Ignatieva et al 2014).
During cell development, all OR genes are initially suppressed across all genomic loci. These
OR genes are then activated in small quantities by means of transcription factor-promoter
binding, until a series of ORs become transcriptionally dominant and predominantly expressed
across the cell (Degl’Innocenti and D’Errico 2017). Due to a high level of recombination in OR
genes, many single nucleotide polymorphisms (SNPs) have been observed in a vast array of
OR gene promoters. These variants may either lead to transcriptional impairments or
enhancements and may also alter the biochemical properties of the resulting protein and its
respective odorant ligand specificity (Ignatieva et al 2014). OR gene promoters are AT-rich,
but typically lack a TATA-box, with a few exceptions. This AT-richness contributes to gene

expression by sequential recombination to form transcription factor binding sites (TFBS) which
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tend to be tissue-specific (Degl’Innocenti and D’Errico 2017). Some TFBS include ones specific
for homeodomain, and early B transcription factors, among others. Various tissues may
choose to express certain ORs out of a vast genomic repertoire through epigenetic exclusion
of other unchosen promoter regions, being inactivated by histone marks such as H3K9me3,

and H4K20me3 (Degl’'Innocenti and D’Errico 2017, Sharma et al 2017).

OR genes can also be regulated by means of accessory proteins termed as ‘elements.’
However, rather than upregulate the expression of certain OR genes, elements are thought to
influence the selection of one OR gene over another, being found close to their respective
gene loci with a sequence consisting of similar TFBS to existing OR promoters, among some
additional sites for an expanded repertoire of transcription factors. Despite their similarities,
information as to their selection mechanism remains relatively scarce, postulated have both
in cis and in trans influences across OR loci adjacent to their position along the human genome

(Degl’Innocenti and D’Errico 2017, Sharma et al 2017).

Post-transcriptional regulation primarily focuses on interactions with the terminal 5’
and 3’ UTRs of the olfactory mRNA transcript, depending heavily on the terminal sequences
and domains of such transcripts. The AU-rich nature of mRNA transcripts is one such feature
that encourages the association of AU-rich binding elements (AREs); which are cis elements
that encourage post-transcriptional deadenylation and consequent degradation of olfactory
MRNAs. A study by Shum et al (2015) found OR mRNAs to be particularly enriched in AREs at
the 3’ UTR, correlating ARE-rich binding with upregulation in contrast to downregulation.
These findings suggest that AREs may instead demonstrate stabilising effects in the case of OR

transcripts, a function that some AREs have been known to perform. However, Shum et al
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suggests that this pro-regulatory action may indeed be tissue-specific, as both up and down

regulations were observed between different cell types (Shum et al 2015).

Another feature that may result in the premature degradation of mRNA transcripts is
nonsense-mediated decay (NMD), which is another deadenylation pathway that affects mRNA
transcripts with premature termination triggers. The most studied example of this trigger is
anintron located just a short distance away from a terminal exonic stop codon, although other
examples such as long 3° UTRs and upstream open reading frames, both of which can also
house premature stop codons that lead to NMD (Shum et al 2015). Transcriptional OR mRNAs
with a low GC-content confer greater stability and demonstrate more efficient translation.
This is owed to less secondary structural folds in the translated protein, permitting a lower
translational energy requirement. This low energy requirement allows for increased levels of
translational expression compared to other classes of GPCRs with richer GC content,
suggesting evolutionary pressures to achieve greater levels of expression among OR genes

(Shum et al 2015).

1.3.4 Ectopic Olfactory Receptors and Innate Immune cells

Various studies have been performed over the last decade involving ectopic ORs on
innate immune cells. Several different ectopic ORs have been identified thus far, with
variances from one anatomical site to the next, and also being affected by the type of disease
processes present. Their ability to bind an extensive arrangement of ligands including
metabolic by-products and antigenic molecules makes them an indispensably utilitarian
component in the innate immune response, although their defined roles in the immune

response remain largely unknown (Li et al 2013).
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A study by Li et al (2013) was among the first to discover ORs in macrophages. Li et al
postulated that ectopic ORs could potentially have a role in the activation and differentiation
of pulmonary macrophages. Ectopic ORs were found to be expressed alongside the vast array
of receptors, initiating chemotactic processes which cause pulmonary macrophages to
respond to local invasions by bacterial pathogens. Mouse airway tissue treated with LPS was
found to significantly increase the expression of multiple ectopic ORs 12 hours after exposure,
including: Or65, Or272, Or352, Or446, Or568, Or622, Or657 and Or1014. Further stimulation
with octanal; a known OR ligand formed from lipid peroxidation; resulted in a significant
upregulation of monocyte chemotactic protein 1 (MCP-1), which selectively acts on and
improves the recruitment of monocytes to a site of active infection. The findings of Li et al’s
study favour the implications of ORs in immune cell recruitment, suggesting that they may

contribute towards increasing the efficacy of the innate immune response (Li et al 2013).

Another study into the function of ectopic ORs and their function in innate immune
cells stems from Vadevoo et al (2021), which investigated the role of the ectopic Olfr78 in
tumour-associated macrophage (TAM) differentiation in mice. OIlfr78 (human ortholog;
OR51E2) has been identified as a lactate-binding GPCR that is largely restricted to
macrophages, interacting with Gpr132 to facilitate the conversion of naive macrophages in
the presence of IL-4 into anti-inflammatory M2 macrophages. These macrophages in turn
decrease the activity of other immune cells at the tumour site, increasing the chances of
tumour progression and penetration into deeper layers of organ tissue and favouring
metastasis. This study suggested that not all ORs necessarily influence the differentiation of
monocytes and macrophages into pro-inflammatory phenotypes but can also promote anti-
inflammatory phenotypes (Vadevoo et al 2021). Additionally, another study by Lee et al (2019)

documented the expression of OR51E2 in macrophages in the case of ulcerative colitis and its
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use as an indicator for both innate immune cells and M2 macrophage polarisation. This study
provides further evidence that aside from modulating antitumour immunity, OR51E2 may also

possess a role in the suppression of inflammatory responses (Lee et al 2019).

Orecchioni et al (2022) investigated the pro-inflammatory effects of ectopic ORs by
studying mouse OIfr2, an ortholog of human OR6A2; itself an olfactory receptor expressed in
circulatory macrophages resident to atherosclerotic plaques. This receptor has been linked
with the activation of reactive oxygen species (ROS) that consequently leads to inflammasome
assembly with NLR family pyrin domain containing 3 (NLRP3). Another effect of the activation
of the inflammasome by OR and LPS costimulatory signalling is the release of IL-1a and IL-1.
In the context of Orecchioni et al’s study, however, the action of OR6A2 in mediating the
inflammatory response was found to be a contributor towards the aggravation of
atherosclerosis. Nevertheless, the study also highlights that there are indeed various olfactory
receptors that may recognise and bind circulating metabolites to initiate various signalling
pathways that contribute towards the maintenance of the inflammatory response (Orecchioni

et al 2022).

Ectopic ORs have been also detected directly influencing the phagocytic action of
alveolar macrophages, as per Weidinger et al’s (2020) study. Weidinger et al reported the
effects of OR2AT4, an olfactory GPCR suspected to affect the performance of alveolar
macrophages especially in chronic conditions such as chronic obstructive pulmonary disease
(COPD). It was discovered that alveolar macrophages possess transmembrane OR2AT4 which
exist in a dormant state in the absence of corresponding ligands. Upon activation, OR2AT4
interacts with transmembrane ion channels by direct signalling pathways to facilitate the

intracellular uptake of calcium ions. The consequentially high concentration of intracellular
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calcium ions in turn inhibits phagocytosis, effectively modulating the efficacy of the innate

immune response (Weidinger et al 2020).

Altogether, these studies laid the foundation for further investigations into the
expression patterns and functional roles of ORs outside of the bonafide olfactory system.
Although the exact functions of the full repertoire of ectopic ORs remain largely unknown,
there is sufficient evidence suggesting that these ORs may have significant links in regulating
the innate immune response in humans. Evidence showing soluble metabolites as ligands of
ORs raise the exciting possibility that ORs may influence the immunometabolic circuits, and in

turn innate immune memory.

1.4 Hypothesis, Aims and Objectives of this Study

The study hypothesis is that olfactory receptors are associated with the host
response to infection and the induction of innate immune memory. To test this hypothesis,

the following aims will be addressed:

1. Describe the expression patterns of ORs in specificimmune cell-types during infection
and sepsis.
2. Testthe inducibility of OR gene expression in innate immune cells after LPS stimulation

in vitro.
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To address these aims, this study will leverage on advances in integrative biology, by
combining genomics, bioinformatics, immunology and cell biology. The combined
bioinformatics and in vitro approach will be used to construct a model of OR gene
expression patterns in sepsis patient leukocytes, as well as in the context of in vitro
stimulations of innate immune cells that include monocytes, macrophages and
epithelial cells. In doing so, prioritizing genes for subsequent in vitro functional tests in
the context of either immune tolerance models or trained immunity. This study also
seeks to complement existing knowledge regarding the functions of ectopic ORs in the
human immune system, particularly their role in facilitating and modulating the innate

immune response.
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Chapter 2:

Materials & Method



2 Materials and Method

2.1 Critically Ill Patient Populations, Public Datasets and Ethics
Declarations

Several publicly available sample populations containing genome-wide ribonucleic
acid (RNA) expression data had been identified for the purposes of describing and mapping
OR gene expression during infection and sepsis. The first dataset that was utilised in this study
pertains to a collection of critically ill intensive care unit (ICU) patients diagnosed with sepsis
(n=404) or non-infectious critical illness (n=93) on admission. Patients were included in the
previously executed Molecular Diagnosis and Risk Stratification of sepsis (MARS) study
between January 2011-June 2016, in the mixed ICUs of two tertiary teaching hospitals in the
Netherlands, the University Medical Center Amsterdam, Amsterdam, and the University
Medical Center Utrecht, Utrecht (ClinicalTrials.gov identifier NCT01905033) (Klein-
Kouwenberg et al 2013, van Vught et al 2016, Scicluna et al 2017, Scicluna et al 2020). Sepsis
patients were diagnosed with Community-Acquired Pneumonia (CAP) (n=101), Hospital-
Acquired Pneumonia (HAP) (n=105), Intra-abdominal infections (n=116), Catheter-related
bloodstream infections or primary bacteraemia (Cardiovascular infections; n=49), and
genitourinary infections (n=33). Non-septic (non-infectious) controls (n=93) were critically ill
patients who were selected based on primary site of suspected infection. Patients suspected
of infection and reclassified retrospectively as non-infectious patients with for example
respiratory distress due to exacerbated chronic obstructive pulmonary disease, or pulmonary
embolisms, were termed no-CAP (n=33). No-CAP patients served as control population to CAP
patients (Scicluna et al 2015) In addition, patients admitted to the ICU post-abdominal surgery
not for infectious reasons, for example colorectal cancer surgery, were included as post-

operative non-infectious controls (post-op_Gl; n=42). Post-op Gl patients served as controls
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for patients diagnosed with intra-abdominal infections (Scicluna et al 2018). The study also

involved a population of healthy volunteers (n=42) which were used to provide a baseline

between a state of good health, sepsis and infection. Genome-wide RNA expression data of

PaxGene™ whole blood specimens obtained from patients and healthy volunteers were

obtained via the National Center for Biotechnology Information (NCBI) Gene Expression

omnibus (GEO) accession GSE65682. RNA from each participant was processed and hybridized

to Affymetrix U219 microarrays at the Cologne Centre for Genomics. A summary of the ICU

patient population and healthy volunteers included in the MARS study is tabulated in Table

2.1.

Table 2.1: Summary and demographics of critically ill patients and healthy volunteers included in
this thesis from the MARS Consortium Study.

Variable Sepsis Non-Sepsis Healthy
Category CAP HAP Abdo Cardio Uros CAP Ctrl Abdo Ctrl Volunteers
SE;:;:S 101 105 116 49 33 33 42 42

. :%) (25.0) (26.0) (28.7) (12.1) (7.6) (44.0) (56.0) (5.8)

Total No. of

Subjects 404 (77.5) 75 (14.4) 42 (8.1)
n (%)
Demographics
re (Y ‘z; ‘zi 63 61 64 55 62 46
ge (Years) (52, (54, (56,71)  (53,70) (56, 76) (48, 67) (54,73) (30, 63)
73) 72)
Gender
Males, n 58 73 62 28 14 22 27 24
Females, n 43 32 54 21 19 11 15 18
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Following up on OR expression patterns in whole blood, it was necessary to assess
differential expression of ORs in sorted peripheral blood mononuclear cells (PBMCs) to
identify which ORs may be involved in the functions of immune cells. To achieve this, a small
dataset from the MARS project was obtained with RNA-sequencing data pertaining to sorted
PBMCs (Khan et al 2020). In this study, heparinised whole blood (10ml) was collected from
healthy subjects (n=4) and from a selection of critically ill patients diagnosed with sepsis
secondary to CAP (n=6) within 24 hours of ICU admission. PBMCs were then purified by density
gradient centrifugation (Ficoll-Paque) and specific cell-types purified using a fluorescence-
activated cell sorting (FACS) Arialll machine (BD) after staining with antibodies specific for cell-
types, that is CD4* and CD8* T-cells, CD14* monocytes and CD19* B-cells. Total RNA was then
isolated from these sorted cells and libraries sequenced accordingly. RNA-sequencing counts

were obtained from NCBI GEO accession no. GSE136200. (Khan et al 2020).

All ICU patients included in the MARS study were older than 18 years admitted to the
ICU with an expected length of stay longer than 24 hours via an opt-out method approved by
the data protection and medical ethical committees of the participating hospitals (Institutional
Review Board (IRB) No. 10-056). All healthy volunteers were included after providing informed
consent via participant information brochures and consent cards approved by the University
Medical Center Amsterdam, Amsterdam, data protection and medical research committee

(IRB No. 10-056C).
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2.2 Public Datasets of Human Endotoxemia and Innate Immune Cell
Models

Public data from a study conducted by Malmstrom et al in 2022 was chosen for the
purpose of investigating differential expression of ORs in monocyte-derived macrophages
(MDMs) in response to bacterial stimuli (Malmstrom et al 2022). Monocyte-derived
macrophages were chosen specifically for their importance as principal effector cells in the
innate immune response (Jakubzick et al 2017, Locati et al 2020). Briefly, heparinized blood
(2x9mL) was collected from healthy donors (n=4), diluted (1:1) with phosphate-buffered saline
(PBS) and PBMCs were isolated by density-gradient centrifugation (Ficoll-Paque). CD14+
monocytes were purified using an anti-CD14—coated microbeads according to manufacturer’s
instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). Flow cytometry was used to
ascertain the purity of CD14+ monocytes against CD15+ neutrophil or CD3+ lymphocyte or
CD56+ natural killer cell contamination. Subsequently, CD14+ monocytes cells were seeded
into six-well plates at a density of 1 x 108 cells per well in Roswell Park Memorial Institute
(RPMI) 1640 Medium (Gibco, Amarillo, TX), which was supplemented with 10% sterile foetal
calf serum (FCS), gentamicin (10 pg/ml; Lonza Bioscience, Durham, NC), 2 mM GlutaMAX
(Thermo Fisher Scientific, Waltham, MA), 1 mM sodium pyruvate (Thermo Fisher Scientific,
Waltham, MA), and recombinant human granulocyte macrophage-colony stimulating factor
(5 ng/ml; Prospec, Ness-Ziona, Israel). These were cultured for 7 days, during which the RPMI
medium was changed for fresh medium on the 3™ and 5% days. On the 7t" day, cells were
washed and harvested using Tryple-select (Thermo Fisher Scientific, Waltham, MA) and
seeded to 500,000 cells per well of a 48-well tissue culture plate 24 h prior to stimulation.
MDMs were then exposed to 100ng/mL LPS for 2, 6, or 24 hours. Total RNA was isolated from

MDMs exposed to LPS or not (medium control) for 6 h. RNeasy mini kits (Qiagen, Hilden,
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Germany) were used for total RNA isolation according to the manufacturer’s instructions. RNA
quality was assessed by bioanalysis (Agilent), with all samples having RNA integrity numbers
> 7. Total RNA concentrations were determined by Qubit® 2.0 Fluorometer (Life Technologies,
Carlsbad, CA, USA). RNA sequencing libraries were prepared from 300 ng of total RNA using
KAPA RNA HyperPrep with RiboErase (Roche, Basel, Switzerland) library kits and sequenced
using the Illumina HiSeq4000 instrument (lllumina) to generate single reads (50 bp). RNA
expression data were obtained from NCBI GEO accession GSE201958 (Malmstrom et al 2022).
Healthy volunteers for blood sampling were recruited in accordance with a study protocol that
was reviewed by the University Medical Centre Amsterdam, Amsterdam, the Netherlands,
data protection and medical ethical committee (IRB No. 2015_074). All donors signed

informed consent cards prior to phlebotomy.

Expression patterns of OR genes were assessed in the context of human bronchial
epithelial cells (HBE) cells. Publicly available RNA-sequencing data was obtained from a study
by Ramirez-Moral et al in 2021. HBE cells were obtained anonymously with written consent
from patient volunteers (n=3) who had been undergoing a lobectomy for lung cancer at the
University Medical Centre Amsterdam, Amsterdam, the Netherlands (Ramirez-Moral et al
2021). Epithelial cells were isolated according to the methods described by Fulcher and
Randell (Fulcher and Randell 2013). Briefly, HBE cells were obtained following isolation of
healthy transbronchial tissue away from tumorous tissue cells and expanded in human type
IV placental collagen coated porous support 24-well Transwell inserts (Corning, Corning, NY,
USA) for differentiation in PneumaCult-Ex Plus media (StemCell Technologies, Vancouver,
Canada). After observing confluency at the inserts, the medium was changed to PneumacCult-
ALl medium (StemCell Technologies) supplemented with penicillin and streptomycin on the
basolateral side. The medium on the apical side was removed to form an air-liquid interface.
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After 30 days, well-differentiated HBE cells were then exposed to 1ug/ml bacterial flagellin
originating from Pseudomonas (P.) aeruginosa for the duration of 24 hours. Total RNA was
extracted using the High Pure RNA Isolation Kit (Roche, Basel, Switzerland) following the
manufacturer's instructions. (Ramirez-Moral et al 2021). RNA quality was assessed by
bioanalysis (Agilent, Santa Clara, CA), with RINs >7. Next-generation sequencing libraries were
prepared by means of the KAPA RNA HyperPrep with RiboErase (Roche, Basel, Switzerland) as
per manufacturer's instructions. Resultant libraries were sequenced using the Illumina
HiSeq4000 (Illumina, San Diego, CA, USA) to generate 50 bp single-end reads. RNA-sequencing
data were obtained from NCBI GEO accession GSE164704. The University Medical Center
Amsterdam, Amsterdam, the Netherlands data protection and medical ethics committee
approved the study (IRB no. 2015-122#A2301550). All patients provided written informed

permission prior to sampling.

To study the kinetics of OR gene expression in the context of in vivo acute systemic
inflammation, publicly available data from a human endotoxemia study was selected (Scicluna
et al 2020, Perlee et al 2018). Eight healthy volunteers were infused directly with a 2ng/kg
dose of Escherichia (E.) coli LPS to elicit systemic inflammation in a controlled clinical setting
(Figure 2.1). This method has been adopted to monitor functional changes in the cells of the
human immune system over a given period, mirroring the innate immune responses during
cases of sepsis (Andreasen et al 2008, van Lier et al 2019). In Scicluna et al’s study (2020),
whole blood was collected in PaxGene Blood RNA tubes before and 2, 4, 6, and 24 hours after
LPS administration. Total RNA was then isolated from each timepoint using PaxGene Blood
RNA isolation kits (Qiagen) and an automated QlAcube™ instrument (Qiagen) according to
manufacturer’s automated isolation instructions (Scicluna et al 2020). Subsequent bioanalysis
(RINs > 6.0) and concentration determination by Qubit® 2.0 Fluorometry (Life Technologies,
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Carlsbad, CA, USA), RNA was processed and hybridized to Affymetrix Human Transcriptome
2.0 microarrays at the Cologne Center for Genomics. Volunteers were part of a phase |,
randomized, single-blind, parallel group, placebo-controlled study in 32 healthy male subjects
(study acronym CELLULA; Trial Register number 2014-002537-63, clinicaltrials.gov identifier
NCT02328612). The Kingdom of the Netherlands’ Central Committee on Research Involving
Human Subjects (CCMO), data protection and medical ethics committee of the University
Medical Centre Amsterdam, Amsterdam, the Netherlands approved the study. Written
informed consent was obtained from all subjects. For the purposes of the herein described
project, only those samples from volunteers given placebo were used (Scicluna et al 2020). A
pre-enrolment physical examination, haematological and biochemical screen, as well as
electrocardiograms of all participants were done and ascertained as normal by attending
clinicians. The HTA2.0 microarray data of human endotoxemia volunteers (placebo treated)

were obtained from NCBI GEO accession GSE134356.
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Figure 2.1: A visual summary of the experimental process used to investigate OR expression kinetics
over the course of the in vivo innate immune response as carried out in Scicluna et al’s study in 2020.
Volunteers were first injected with a controlled dose of LPS to initiate an innate immune response.
Whole blood was then drawn at the 2-, 4-, 6- and 24-hour time points after administration of LPS. OR
expression kinetics over the course of the first 6 hours were investigated to better understand which
ORs are involved in the development of trained immunity and endotoxin tolerance, respectively.
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2.3 Genome-wide Gene Expression Data Processing and
Bioinformatics

Bioinformatics analysis was conducted using the RStudio statistical computing
software (RStudio Team (2020). RStudio: Integrated Development for R. RStudio, PBC, Boston,

MA URL http://www.rstudio.com/). Data from Affymetrix microarrays, specifically U219 and

HTA2.0 arrays, were obtained in a normalized format as per seminal studies (Scicluna et al
2015, Scicluna et al 2017, Scicluna et al 2020). Briefly, probes were normalized using the RMA
method and detection above background (DABG) probe level detection. Probes specific to
Homo sapiens species with detection p-value < 0.05 in at least one sample were considered
for further analyses. First, contrast tables were created using the ‘Limma’ (Linear Models for
Microarray Data) method in R (version 3.36) (Smyth 2005). Limma is a powerful tool that
utilises linear models to manage intricate experimental designs and leverages empirical Bayes
approaches to leverage information from several genes, resulting in more stable variance
estimates and improved statistical power. Limma is highly proficient at detecting genes that
are expressed differently by comparing their expression levels across various circumstances,
while also accounting for numerous comparisons to effectively manage false discovery rates.
A Benjamini-Hochberg adjusted probability less than 0.05 (BH p < 0.05) demarcated
significance (Benjamini and Hochberg 1995). The linear models included age and sex as

additive covariates.

RNA-sequencing count data were obtained from NCBI GEO accessions of the
respective seminal studies. Briefly, count data were generated by firstly assessing raw
sequence data using FastQC (Andrews 2023) and, secondly after trimming Illlumina adapters
and poor-quality bases using Trimmomatic version 0.36 (Bolger et al. 2014) (trimmomatic

parameters: leading = 3, trailing = 3, sliding window = 4:15, minimum length = 40). The
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remaining high-quality reads were used to align against the Genome Consortium human
genome build 38 (GRCh38) using the graph-based aligner HISAT2 version 2.1.0 (Kim et al.
2015b) with parameters as default. Count data were generated utilizing the HTSeq method
(Anders et al., 2015), and downloaded as raw counts for the purposes of this project. After
obtaining the data, counts were normalized using the DESeq2 method in R (Love et al 2014).
DESeq2 is a tool that is specifically designed for analysing differential gene expression using
RNA-sequencing data. The model is based on the negative binomial distribution of gene
expression count data, which effectively incorporates the variability in read counts.
Additionally, this method incorporates normalisation techniques to account for variations in
sequencing depth and RNA composition among different samples. DESeq2 calculates gene-
specific dispersion, using empirical Bayes shrinkage to improve the precision of fold changes,
and applies Benjamini-Hochberg multiple testing adjustment to compensate for false

discovery rates. A BH p < 0.05 demarcated significance.

Any significant differences in up- or down-regulated fold-changes for specific ORs were
visualised by means of volcano plots against a background of overall gene expression. Dot
plots were also used to compare between cases and controls to assess for any significant
outliers in relative gene expression. Heatmaps were compiled to illustrate the relationships of
specific ectopic OR genes, visualising the quantitative changes in OR gene expression. These
statistical tools were employed in a step-by-step approach with the intent of narrowing down
potential targets that were most likely to be involved in the innate immune response. The
targets that were identified to be the best potential candidates were then chosen for further

in vitro experimental laboratory testing.
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Figure 2.2: A visual summary of the overall approach carried out for the purposes of assessing
olfactory receptor gene expression on innate immune cells in sepsis and infection. A top-down
approach attuned to the concepts of integrative biology was employed. Olfactory receptor gene
expression was first explored in blood leukocytes during sepsis, infection, and good health. Findings
were further refined by searching for potential olfactory receptor targets over the course of the innate
immune response through an in vivo human endotoxemia model. Further filtering for potential cell-
specific olfactory receptor targets was performed using datasets for cell-sorted PBMCs, allowing for
olfactory receptor gene expression to be assessed across specific innate immune cell types. Functional
models on innate immune effector cells, including that used in this study, were pursued to validate the
findings obtained by bioinformatics, and test the hypothesis about whether ectopic olfactory receptors
are associated with the host response to infection and the induction of innate immune memory.
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2.4 Validation Cohort and Ethical Declaration

For experimental validation, a cohort of 8 healthy volunteers (4 males; 4 females) older
than 18 years were recruited between October 15t and November 30, 2023, with mean age
equating to 21 years (min. 19 years, max. 22 years). Exclusion criteria were (a) pregnancy, (b)
drugs or alcohol use in the 48 hours prior to phlebotomy, (c) febrile iliness over the two weeks
prior to blood collection, (d) antimicrobial treatment in the two weeks prior to study
enrolment, (e) clinically diagnosed cardiovascular disorders and/or primary
immunodeficiency. Permission to recruit human volunteers and process human whole blood
samples for this study was granted by the Faculty Research Ethics Committee of the Faculty
of Health Sciences, and the University Research Ethics Committee Research Ethics and Data
Protection (URECA-REDP) on the 28 of April 2023 (FREC No. FHS-2022-00568). A copy of this

form can be found in Appendix | at the end of this document.

2.5 Whole blood Processing and Monocyte Enrichment

Heparinized blood (2x9mL) was collected from each volunteer. This volume was
chosen to ensure that enough monocytes for testing were harvested, as monocytes make up
the smallest population of circulating blood leukocytes (i.e. c. 0.26 x 10° monocytes per 6.07
x 10° white blood cells, as per Chen et al 2021). After collection, blood was diluted 1:1 in 1X
Dulbecco’s phosphate-buffered saline (DPBS; Gibco™ ThermoFisher Scientific, Waltham,
United States) and layered carefully over Lymphoprep™ (Stem Cell Technologies, Vancouver,
Canada) layer in a SepMate™-15 (15mL) (Stem Cell Technologies, Vancouver, Canada) tube.
A polysucrose density gradient centrifugation step is a technique frequently employed for the

purposes of PBMC isolation from whole blood. SepMate™ tubes provide a physical barrier
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between the PBMC layer and the denser erythrocyte and granulocyte layer, allowing for easier
direct retrieval of PBMCs without risking resuspension of the sediment. This makes SepMate™
tubes ideal for rapid and efficient density gradient centrifugations, especially when compared
to more labour-intensive and longer retrieval techniques (Stabel and Wherry 2023). Before
the addition of the diluted whole blood, the SepMate™-15 tubes were first filled with
Lymphoprep™ at a density of 1.077 g/mL (Stem Cell Technologies 2023). The volume of
Lymphoprep™ was made up to the barrier insert found inside the SepMate™ tube itself as
per the manufacturer’s instructions. Once layered, the tubes were centrifuged at 1200g for 10
minutes at room temperature (15 — 25°C) with acceleration set at 9 and break at 5. Notably,
SepMate™ tubes are useful in negating the long waiting times required to allow the

centrifuges to come to a halt as in a regular density gradient centrifugation setup.

After centrifugation was complete, the SepMate™ tubes consisting of separate blood
cell layers and diluted plasma were retrieved and the PBMC cell-containing layer below the
plasma was retrieved by pipetting. The PBMC layer were then transferred to a sterile 50mL
conical Falcon tube (Fisher Scientific International, Hampton, United States), one for each
volunteer sample, and washed three times before further processing. Washing steps were
performed by adding 10mL of DPBS to the extracted PBMC cell layer, centrifuging at 400g for
10 minutes with the brakes fully engaged during each cycle (acceleration 9, brake 9). After
washing, the enriched PBMCs were resuspended in 2ml DPBS. A volume of 20uL of
resuspended PBMCs were taken and mixed with 20uL of Trypan Blue Stain (0.4%) (Gibco™
ThermoFisher Scientific, Waltham, United States), a diazo dye which selectively permeates
compromised cell membranes of dead tissues and cells, while leaving live cells with intact
membranes unstained. Therefore, stained cells which are counted during this step are
considered non-viable, while those which remain unstained are considered live (Tran et al
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2011). From this mixture, 10ul of the cells and trypan blue mix was then transferred to a
Corning™ Counting Chamber (Corning Inc., Corning (NY), United States). Cell counts were then
carried out using the Corning® Automated Cell Counter (Corning Inc. Corning (NY), United
States). Cell counts were gated for cell size (larger than 7um) to account for residual platelets,

erythrocytes and cell debris that are typically smaller than 7um.

Next, monocytes were purified from PBMCs by means of microbead technology
according to the manufacturer’s instructions for negative selection using the Miltenyi-Biotech
Pan-monocyte enrichment kit (Miltenyi-Biotech). All volumes for magnetic labelling have been
optimized for up to 107 total cells. PBMCs were transferred to a sterile 1.5mL eppendorf tube
and centrifuged at 400g for 10 minutes while keeping the centrifuge cool at 10°C. After
removing the supernatant, the cell pellet was resuspended in 30 pL of buffer A (composition:
0.5% BSA in PBS filter sterilized). To this, 10 uL of FcR Blocking Reagent was added, followed
by 10 pL of Biotin-Antibody Cocktail. After mixing well, cells were incubated with antibody mix
for 5 minutes in the refrigerator (2-8 °C). Subsequently, 30 pL of buffer A was added followed
by 20 uL of Anti-Biotin MicroBead suspension. After mixing well, cells were left to incubate for
10 minutes in the refrigerator (2-8 °C). During this incubation step, a LS column per donor was
assembled in the magnetic field of a Quadro MACS Separator and rinsed with 3mL Buffer A
prior to use. 1mL Buffer A was added to the PBMC and microbead/antibody mix, and applied
to the LS column, collecting flow-through containing un-labelled cells in 15mL falcon tube,
representing the enriched monocytes. The column was washed 3X with 3mL (9mL total) Buffer
A to ensure efficient wash through and collection of un-labelled cells (monocytes). Next, cells
were centrifuged at 400g for 10 minutes (10°C), and resuspended in 1 mL full culture medium
(composition: RPMI 1640 medium without L-Glutamine (Gibco™ ThermoFisher Scientific,
Waltham, United States), 10% Foetal Bovine Serum (Gibco™ ThermoFisher Scientific), 500uM
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GlutaMax (Gibco™ ThermoFisher Scientific, Waltham, United States), 500uM sodium
pyruvate (Gibco™ ThermoFisher Scientific), and 250uM gentamicin (Gibco™ ThermoFisher

Scientific)). Cells were then counted as per Trypan-blue exclusion test described above.

2.6 Primary Monocyte Stimulations

Following the cell counting protocol, the equivalent of 200,000 cells were seeded to
each of 4 wells in a 48-well tissue culture plate in a maximum volume of 500ul full culture
medium. The 4 wells were designated as (1) medium control, (2) medium control re-
stimulation, (3) LPS stimulation, and (4) LPS re-stimulation. Cells were allowed to rest
overnight, incubating at 37°Cin 5% CO; and 90% humidity (Esco™ Scientific). After resting, two
wells containing monocytes were stimulated for 24 hours with 10ng/mL lipopolysaccharide
(LPS; Invivogen), and two wells left with full culture medium incubating at 37°Cin 5% CO; and
90% humidity. The following day, supernatants were recovered for ELISAs from stimulation
marked wells, and cells were harvested for RNA isolation by adding 200pl ice-cold PBS
followed by 300ul RNAprotect cell reagent (Qiagen). Cells and supernatants were stored at -
80°C until analysed. To the wells marked “re-stimulation”, cells were washed once with warm
PBS (37°C) and allowed to rest overnight in full culture medium incubating at 37°C in 5% CO;
and 90% humidity. The following day, cells were re-stimulated or not with LPS (10ng/mL) for
24 hours. Subsequent to re-stimulation, supernatants and cells were harvested as described

previously for ELISA or RNA isolation.
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2.7 Enzyme-Linked Immunosorbent Assay Protocol

A sandwich assay ELISA (RnD Systems, Minneapolis, United States) used to measure
Human TNF-a produced by stimulated monocytes in response to LPS exposure. This was
preferred over other types of ELISAs assays (e.g. direct, indirect, competitive), as a sandwich
assay allows for specific biomolecules to be measured from impure substrates, such as
supernatant rich in many different cytokines (Rao et al 1997, Sakamoto et al 2018). A working
mixture (Concentration: 4ug/mL) of mouse anti-human TNF-a capture antibody (Stock
solution: 480ug/mL) was prepared using 1X PBS. For this procedure, 96-well high-binding
ELISA plates (Corning) were used. These were first coated with 100uL of capture antibody in
each well, sealed and incubated overnight in the dark, at room temperature. The following
day, all wells were then washed three times with wash buffer (0.05% Tween-20 in PBS) to
remove any excess unbound capture antibody. The wells were then blocked with 300uL of
reagent diluent (1% BSA in PBS, sterile filtered), sealed, and incubated at room temperature
for 1 hour. Afterwards, the plates were washed vigorously three times with wash buffer,

blotting on clean paper towels in between to ensure complete removal of the buffer.

TNF standards were prepared by serial dilution (1:1) of a 1ng/mL starting
concentration as described by the manufacturer. To each well, 100uL of sample or TNF
standards were added as required, and plates were then incubated for 2 hours at room
temperature. At the end of incubation, all wells were aspirated and washed 3X with wash
buffer. Subsequently, 100uL of biotinylated goat anti-human TNF-a detection antibody (stock
solution: 3.0pug/mL), diluted to a working concentration of 50ng/mL with ELISA reagent
diluent, were then added. The plates were sealed once more and incubated for a further 2
hours. A stock solution of streptavidin-horseradish peroxidase (Streptavidin-HRP) was diluted
40-fold with ELISA reagent diluent. Aliquots of streptavidin-HRP were then dispensed at a
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volume of 100puL into each sample well, sealing the ELISA plate once more and incubating it in
the dark for 20 minutes at room temperature. Next, the plates were washed 3X with wash
buffer. Each well was then filled with 100uL aliquots of substrate solution, being covered and
incubated in the dark for a further 20 minutes at room temperature. This was followed by

50uL of ELISA stop solution (1N sulfuric acid).

The plate was immediately read using a TECAN Spark® Multimode Microplate Reader
(Tecan Life Sciences, Mannedorf, Switzerland). OD readings were read at a wavelength of
450nm, with wavelength corrections of 540nm or 570nm being used in tandem. The
manufacturer specifies a 5-parametric logistic (5-PL) regression curve to fit readings, however
the spectrophotometer is not equipped with software to execute a 5-PL regression. For this
reason, readings of the TNF standards were fit in a linear curve and concentrations derived

from applying the resultant linear equation to samples.

2.8 Antibodies and Flow Cytometry

Around 100,000 directly harvested monocytes were added to each of two 1.5ml Eppendorf
tubes. The tubes were centrifuged at 400g for 5 minutes. The cells were resuspended in 50 pl
1% BSA and 0.1% sodium azide, followed by an antibody mix composed of 5ul phycoerythrin
(PE) anti-HLA-DR, 5ul Fluorescein isothiocyanate (FITC) anti-CD14, and 5ul Peridinin-
Chlorophyll-Protein (PerCP) anti-human CD3 (all antibodies purchased from BioLegend, USA).
A second tube was left unlabelled, serving as negative control. Both tubes were mixed
properly and refrigerated at 2 — 8°C for 30 minutes. The cells were then centrifuged again at
400g for 5 minutes at 4°C and the supernatant was discarded. The cells were resuspended

again in 100 pl 1% BSA, 0.1% sodium azide and 0.4% paraformaldehyde (PFA), and incubated
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in the refrigerator for no more than 15 minutes to fix the cells and fluorophores. Cells were
then centrifuged again at 400g for 5 minutes at 4°C and the supernatant was discarded,
resuspending cells in 1% BSA and 0.1% sodium azide. The cells were stored in a refrigerator
for no more than 48 hours before being analysed by using a BD FACS Calibur Flow Cytometer

(BD biosciences). Data were analysed by means of FlowJo version 10.10.0 (BD Biosciences).

2.9 RNA Isolation

Total RNA was isolated using the RNeasy Micro Kit (50) (Qiagen, Hilden, Germany), as
specified by the manufacturer. Cells were allowed to thaw over ice, followed by centrifugation
at 5000g for 10 min. After removing supernatant, cell pellets were resuspended in 350ulL RLT
Buffer. The cells were thoroughly mixed in the RLT Buffer to ensure complete cell lysis. The
lysate was homogenised by vortexing for 1 minute, after which 350uL absolute ethanol was
added and mixed by aspiration. The mixtures were dispensed to spin columns and centrifuged
at 8000g for 30 seconds, ensuring that no liquid had remained in the spin column. The
collection tube with flow-through was discarded followed by the addition of 700uL of Buffer
RW1. The spin column was then centrifuged at 10,000 RPM for 15 seconds. This flow-through
was then discarded. Next, 350uL of Buffer RW1 were added and spin column was centrifuged
a second time at 8000g for 15 seconds. This flow-through was then discarded. A volume of
10uL DNase | stock solution (1500 Kunitz units dissolved in 550uL of RNase-free water) was
added to 70uL Buffer RDD, which were then mixed by gently inversion and centrifuged briefly
to ensure complete collection of the mixture. The DNase | incubation mix was then added
directly to the RNeasy spin column membrane, where the setup was left to stand at room

temperature (25°C) for 15 minutes. This was then followed by the addition of 350uL of Buffer
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RW1, and a further centrifugation at 8000g for 15 seconds. The resulting flow-through was
then discarded. A volume of 500uL of Buffer RPE was then added to the RNeasy spin column,
after which the spin column was again sealed and centrifuged at 8000g for 15 seconds to wash
the spin column thoroughly. A further 500uL of Buffer RPE were then added to the RNeasy
spin column, which was later centrifuged at 8000g for 2 minutes to ensure complete removal
of the RPE Buffer. The RNeasy spin column was then attached to a fresh 2mL collection tube
to ensure no residual contamination of RPE Buffer, and a final centrifugation step at full speed
for 1 minute was carried out to dry the RNeasy spin column. To collect the purified RNA, the
dried RNeasy spin column was first transferred to a fresh 1.5mL collection tube. A volume of
15ulL of RNase free water were then added directly to the spin column membrane and left to
sit for 2 minutes. The RNeasy spin column was then centrifuged thoroughly at 8000g for 1
minute to ensure complete elution of the RNA, which was then collected as flow-through in
the 1.5mL collection tube. The resulting concentrations of RNA were then quantified by using
spectrophotometry, carried out using the ThermoFisher Scientific NanoDrop 2000

Spectrophotometer (ThermoFisher Scientific, Waltham, United States).

2.10 Reverse-Transcription quantitative Polymerase Chain Reaction
(RT-qPCR)

The cDNA Synthesis protocol used in this study was carried out using the TaKaRa
PrimeScript™ RT Reagent Kit (TaKaRa Bio Inc., Kusatsu, Japan). The preparation of the cDNA
synthesis template mRNA/primer mixture is outlined in Table 2.2. This mixture included a
ready-to-use Oligo dT Primer mix, which is a primer that binds specifically to the poly-A tail of
mRNA allowing for the synthesis of the first strand of cDNA in the presence of reverse

transcriptase (ThermoFisher Scientific 2024a); deoxynucleoside triphosphate (ANTP) mixture,
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which consists of multiple free nucleotides for cDNA synthesis and amplification; the template
mRNA from which cDNA was to be produced; and RNase-free water. Once prepared and mixed
with mRNA, the reaction mixture was then heated at 65°C for 5 minutes, to allow for primer
binding with the template mRNA. Due to the heat-sensitive nature of mRNA, the reaction
mixtures were then cooled on ice to prevent heat degradation. This reaction mixture was then

kept on ice while the reaction mixture was prepared.

Table 2.2: The volumes of components in the Template RNA/Primer mixture for
each sample in cDNA Synthesis.

Component Volumes for 1 Sample (pL)
Oligo dT Primer (50uM) 1
dNTP Mixture (10mM) 1
Template RNA (mRNA) 5
RNase-free dH,0 3
Total 10

The preparation of the reaction mixture for cDNA synthesis is outlined in Table 2.3.
This reaction mixture consisted of the template mRNA/primer mixture as prepared in Table
2.2; 5X PrimeScript Buffer, an RNase inhibitor, PrimeScript Reverse Transcriptase, a modified
Moloney Murine Leukaemia Virus (MMLV) reverse transcriptase enzyme, and RNase-free
water. The PCR program was programmed and executed in a Biometra TProfessional Standard

SL96 Real-Time PCR Thermocycler (Biometra).
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Table 2.3: The volumes of components in the reaction mixture for each sample in cDNA Synthesis.

Component Volumes for 1 Sample (pL)
Template RNA/Primer Mixture 10
5X PrimeScript Buffer 4
RNase Inhibitor 0.5
PrimeScript RT enzyme 1
RNase-free dH.0 4.5
Total 20

The cDNA Synthesis PCR cycle was then performed as shown in Figure 2.3:

| 1
|
1%t Stage : 2" Stage 3" Stage 1 | 4t Stage
| 1
|
|
| Cool down
| 70°C for on ice
| ) I .
I 15 minutes |
| 1 |
| 1 |
| | |
| |
| |
| 1 |
! 42 - 50°C for ! :
| 30- 60 minutes | |
| 1 |
| | |
| 1 |
| | |
| 1 |
| | |
30°C for | | :
: | |
10 minutes I I I
| | |
| 1 |
| | |
| 1 |
| | |
Primer 1 - X 1 Final |
T I Annealing and Extension I : I Cooldown
Binding - - Extension I

Figure 2.3: Thermal Profile for cDNA synthesis PCR program. The RT-PCR for cDNA synthesis consisted
of four major stages, three of which were carried out on a thermal cycler, with a final cooling step on
ice. The first stage allowed for binding of the primers to the mRNA template, being held at 30°C for 10
minutes. The second stage involved the annealing and extension steps of the cDNA strands from the
MRNA template. A stage allowing for a final extension to minimise the potential for non-specific
amplification produces followed, held at 70°C for 15 minutes. The amplified cDNA product was then
transferred to a bed of ice for cooling.
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RT-gPCR primers for ACTB (endogenous control), TNFA and OR2B6 were designed
using several online tools, including Ensembl (Howe et al 2020, available at:

http://www.ensembl.org/index.html), which was used to research and select the target

sequences for each gene, and Primer3Plus (Untergasser et al 2012, available at:

https://www.primer3plus.com/index.html) for primer selection. The primers designed were

then synthesized and purchased from Eurogentec (Brussels, Belgium). Aliquots from stock
solutions were prepared based on the concentration for each primer mixture, being diluted
down to a working concentration of 10uM for both forward and reverse primers, as per
instructions provided as part of the protocol for the preparation of the TaKaRa Ex Taq Master
Mix for RT-qPCR (TaKaRa Bio. Inc., Kusatsu, Japan). The forward and reverse primers used for
RT-gPCRs were:

ACTB-forward: 5" TGCCCTGAGGCACTCTTC

ACTB-reverse: 5" GGATGTCCACGTCACACTTC

TNFA-forward: 5" GACAAGCCTGTAGCCCATGT

TNFA-reverse: 5" TCTCAGCTCCACGCCATT

OR2B6-forward: 5" GCCACTCTGTGACCCCTATG
OR2B6-reverse: 5" TGGAAGAGCTCACTGACAAGG

The preparation of the RT-gPCR Master Mix is outlined in Table 2.4, accordingly. The dominant
component of the reaction mixture contained the TaKaRa TB Green Premix Eq Taq Il (Stock
Solution: X2) (TaKaRa Bio Inc., Kusatsu, Japan). This reagent contains several components,
among which are TB Green, which is an intercalating dye that bears a strong resemblance to
SYBR Green I; Tli RNase H, which is a heat-stable buffered RNase enzyme that degrades

residual mRNA in the sample mixture (TaKaRa Bio Inc 2024a); TaKaRa Ex Taqg HS, a hot-start
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PCR enzyme associated with anti-Taq antibodies (TaKaRa Bio Inc 2024b); and ROX passive

reference dye (TaKaRa Bio Inc 2024a).

Table 2.4: The volumes of components in the reaction mixture for each sample in qRT-PCR.

Component

Volumes for 1 Sample (plL)

TB Green premix Ex Taq Il (2X)

(TIiRNase H plus, ROX Plus) 10
PC Forward Primer (10uM) 1
PC Reverse Primer (10uM) 1
Template DNA (<100 ng) 4
Sterile Purified Water 4

Total 20

The setup of the Shuttle RT-qPCR cycle employed in this study is outlined in Figure 2.4.

Shuttle PCR is a rapid detection PCR method in which annealing, and amplification are

performed simultaneously. Annealing temperature for all amplicons was 60°C.

Page | 47



1t Stage 2" Stage 3" Stage 4t Stage

Repeats: 1

Repeats: 50 Repeats: 1 Repeats: 1

95°C for 30
seconds

95¢°C for 5
seconds

72°C for
10 minutes

Down to 10°C
and Hold

60°C for 30
seconds

Initial
Denaturation

Annealing &
Denaturation Extension

Final
Extension

Cooldown

Figure 2.4: Thermal Profile for Shuttle qRT-PCR Run. The Shuttle gRT-PCR consisted of four distinct
stages. The first involved the rapid denaturation of DNA at 95°C (Stage 1; 1 Repeat). The second stage
was a continued denaturation at 95°C for a further 5 seconds, followed by a combined annealing and
extension step at 60°C for 30 seconds (Stage 2; 50 Repeats). The third stage involved a final extension
step at 72°C, for 10 minutes (Stage 3; 1 Repeat). The final stage entailed the conclusion of the shuttle
gRT-PCR, lowering the temperature down to 10°C (Stage 4; 1 Repeat).

This PCR process was then performed on the Bio-Rad CFX 96 Real-Time PCR Detection
System (Bio-Rad Laboratories, California, USA). Visual analysis of the standardised curves
produced through RT-qPCR was then carried out using the Bio-Rad CFX Maestro Software (Bio-
Rad Laboratories, California, USA). Raw data were subsequently analysed by using the
LinRegPCR software (Untergasser et al 2021). First, a baseline fluorescence had to be
established to account for incomplete fluorophore quenching and any non-specific primer

annealing. In LinRegPCR, the estimation of the baseline fluorescence was automated, utilising

a log(fluorescence) versus cycle number plot and applying baseline corrections until the upper
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half of the amplification slope was steeper than the lower half of the slope. The corrections
were then stepped up and down at increasingly minute increments until a <0.0001 difference
was achieved. The exponential phase of amplification was then determined by identifying the
period of cycles where a steadily continuous exponential increase of fluorescent signal could
be detected, up to the point where a drop-off in intensity is observed (Untergasser at al 2021).
The determination of PCR efficiency was essential to evaluating the true performance of the
assay. The efficiency value of a PCR had a direct impact on the interpretation of gene
expression levels, as it was applied when mathematically extrapolating expression values from
the fluorescent signals generated during qRT-PCR (Ruijter et al 2021). While the determination
of PCR efficiency is typically performed using a standard curve, LinRegPCR determined the PCR
efficiency by selecting data points within a Window-of-Linearity (W-o-L) and calculating the
Coefficient of Variation (CV) for each assay. For this process, a minimum of 3 data points over
3 separate cycles were required. The W-o-L was then gradually narrowed downward until the
lowest possible CV was achieved. This process was then repeated for each assay, obtaining an
PCR efficiency rating for each individual reaction. The overall PCR efficiency was then
expressed as the average of the individual PCR efficiencies for all assays across the entire run.
LinRegPCR also automatically excluded reactions where no amplification could be detected
(Untergasser et al 2021). For interpretation and extrapolation of the estimated transcript
abundance (No) to be made possible, a Cq value, also known as the Quantification Cycle, must
be derived for each reaction. Cq refers to the fractional number of cycles required to reach the
quantification threshold (Ng), the latter of which had to be established along the exponential
phase. To account for variability between assays and PCR efficiency, LinRegPCR established a
standardised common quantification threshold to be used ubiquitously for all PCR assays of

the same run. The Cq value for each individual PCR assay was then mathematically derived
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from the linear intersect of the exponential phase with the quantification threshold. By
normalising the Cq values for all PCR assays, No was derived for each reaction in the gRT-PCR.

All Novalues expressed were corrected for the PCR efficiency.

2.11 Statistics

ELISA and RT-qPCR data were analysed by means of a Kruskal-Wallis and Dunn’s post-hoc test.

Data were presented as boxplots, dot plots, or bar graphs using the RStudio software. A p-

value < 0.05 demarcated significance.
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Results & Statistics



3 Results

3.1 Olfactory receptor gene expression in whole blood of critically ill
patients with sepsis or non-infectious aetiologies

To investigate the expression patterns of ectopic ORs in whole blood between sepsis,
infection and health, whole blood leukocyte gene expression data of the MARS study were
analysed, and contrast tables constructed for the following categories: all-cause sepsis
(n=404), non-infectious controls (n=93), and healthy volunteers (n=42). In line with seminal
studies (Scicluna et al 2015, Scicluna et al 2017, Scicluna et al 2019), substantial changes in
gene expression indices (adjusted p < 0.05) were uncovered for all-cause sepsis relative to
healthy control subjects depicted in a volcano plot (integrating -log transformed adjusted p-
values and log2 transformed fold expression) (Figure 3.1). Overall, 7341 genes (2708 elevated;
4633 reduced) were differentially expressed. Highly expressed pro-inflammatory and anti-
microbial markers (e.g. S100 family genes, and MMP8) were highlighted for reference to very
high degrees of fold-changes with high levels of significance. Low expression genes in sepsis
versus health include GATA3, CCR3, and LEF1, which have linked with immunosuppression
when downregulated in sepsis (Venet et al 2004, Huang et al 2016, Chen et al 2023). OR gene
expression was found to be elevated in the case of all-cause sepsis when compared to healthy
volunteers (Figure 3.2). Over 100 ectopic OR genes were found to be differentially expressed
in all-cause sepsis, with two OR genes exceeding a log2-transformed fold-change of 0.25,
namely OR10G3 and OR2A14. In comparison to highly expressed pro-inflammatory and anti-
microbial genes, ectopic OR gene expression was found to be relatively low. Nevertheless, the
statistically significant (adjusted p-value < 0.05) overexpression of over 100 OR genes in the
case of all-cause sepsis relative to health suggests that ectopic ORs may be a novel feature of

the systemic host response during sepsis.
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Figure 3.1: Overall patterns of gene expression in whole blood of all-cause sepsis patients compared
to healthy volunteers. Volcano plot depicting overall changes in gene expression patterns of
leukocytes highlighting a considerably elevated activity in pro-inflammatory and antibacterial effector
genes (e.g. SI00A8, S100A9, MMP8, CD177, and HP). Orange dots denote high expression, purple dots
denote low expression. Vertical dashed lines depict the log2-fold change threshold of 0.25, which
equates to an absolute fold change of 1.2. Horizonal dashed lines depict statistical significance
(adjusted p-value < 0.05).
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Figure 3.2: Patterns of gene expression for olfactory receptors (highlighted in yellow and orange) in
whole blood of all-cause sepsis patients compared to healthy volunteers. Volcano plot depicting
changes in olfactory receptor gene expression patterns against a background of overall gene
expression (grey dots). All olfactory receptors (highlighted in yellow and orange dots) presented some
increase in expression, with OR10G3 and OR2A14 demonstrating particularly high expression. Vertical
dashed lines depict the log2-fold change threshold of 0.25, which equates to an absolute fold change
of 1.2. Horizonal dashed lines depict statistical significance (adjusted p-value < 0.05).
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Following the assessment of differential OR expression between sepsis and health, the
differences between all-cause sepsis and all-cause non-infectious critical illness were also
investigated. Some changes in pro-inflammatory and anti-microbial markers were notably
increased in sepsis compared to non-infectious aetiologies, as illustrated in Figure 3.3.
Altogether, 1859 genes (1063 elevated; 796 reduced) were differentially expressed. High
expression genes include CD177, MMPS8, AIG1 and OLFM4. Low expression genes in sepsis
versus non-infectious aetiologies include NLRP1, MEGF6, RBP7, MME and SULF2. One OR
gene, that is OR6P1, retained statistical significance (adjusted p < 0.05) while demonstrating
a marginal upregulation in sepsis when compared to non-infectious control patients, while
several OR genes (OR6B2, OR5A2, OR2T1, OR56A1, OR1D5 and OR52E2) showed marginal
downregulation as shown in Figure 3.4. Considering fold changes relative to health as a
baseline, ectopic OR expression in both all-cause septic patients and non-infectious control
patients were tightly correlated with a Spearman’s coefficient equating to 0.99 (p-value =
2.2x10'%) (Figure 3.5). A line-of-best-fit was also established, with a coefficient of
determination (R?) equating to 0.98. This result indicates that 98% of the variation in leukocyte
gene expression in all-cause sepsis patients on ICU admission can be explained by gene
expression changes in non-infectious critical iliness, related to health as a baseline. Therefore,
these findings suggest that changes in OR gene expression may not be specific to sepsis, but a

general feature of the host response in critical illness.
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Figure 3.3: Patterns of overall gene expression in whole blood of all-cause sepsis patients compared
to non-infectious ICU controls. Volcano plot depicting overall changes in gene expression patterns of
leukocytes, showing considerable differences in gene expression in cases of both upregulation (e.g.
CD177, MMP8, OLFM4) and downregulation (e.g. NLRP1, SULF2, MME). Orange dots denote high
expression, purple dots denote low expression. Vertical dashed lines depict the log2-fold change
threshold of 0.25, which equates to an absolute fold change of 1.2. Horizonal dashed lines depict
statistical significance (adjusted p-value < 0.05).
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Figure 3.4: Patterns of olfactory receptor gene expression in whole blood of all-cause sepsis patients
compared to non-infectious ICU controls. Volcano plot depicting changes in olfactory receptor gene
expression patterns against a background of overall gene expression (grey dots). Olfactory receptors
(highlighted in yellow) showed both increases (OR6P1) and decreases (OR6B2, OR5A2, OR2T1,
OR56A1, OR1D5, OR52E2) in gene expression. Vertical dashed lines depict the log2-fold change
threshold of 0.25, which equates to an absolute fold change of 1.2. Horizonal dashed lines depict
statistical significance (adjusted p-value < 0.05).
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Figure 3.5: Dot Plot representing the trends of olfactory receptor gene expression (highlighted in
red) within sepsis patients and non-infectious controls, compared to healthy volunteers. Linear dot
plot depicting changes in olfactory receptor gene expression patterns against a background of overall
gene expression (grey dots). Olfactory receptors (highlighted in red) showed a general increase in gene
expression in both sepsis patients and grouped non-infectious controls when compared to healthy
volunteers. A line of best fit was also established, demonstrating a coefficient of determination of 0.98,
explaining that 98% of gene expression changes in all-cause sepsis can be explained by changes in

grouped non-infectious controls, relative to health. Transcripts shown had achieved statistical
significance (adjusted p-value < 0.05).

3.2 Source-specific olfactory receptor gene expression in sepsis

Here, an anatomical approach was adopted, comparing whole blood gene expression
in sepsis caused by infections at different anatomical sites, that is pneumonia (also classified
as community or hospital-acquired), intra-abdominal, genitourinary and cardiovascular. For
the purposes of this investigation, contrast tables were constructed for CAP, HAP, intra-
abdominal infections, cardiovascular, and genitourinary infections, all relative to health as a
common baseline. The relationships in overall gene expression changes, and those pertaining
to OR genes between site-specific causes of sepsis are illustrated in a series of dot plots, which
were compiled into Figure 3.6. In line with previous reports (van Vught et al 2016, Peters-

Sengers et al 2022), leukocyte gene expression patterns in sepsis patients grouped as primary
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anatomical sites of infection or setting in the context of pneumonia (community versus
hospital-acquired), were largely similar with highest Spearman’s coefficient of 0.99 (p-value =
2.2x10%) for CAP wversus HAP, and a lowest Spearman’s coefficient of 0.98
(p-value = 2.2x10°%®) for Abdo versus Uros. Ectopic OR gene expression (marked in red in Figure
3.6) remained largely similar across all infection sites. These findings suggest changes in OR
gene expression in sepsis may not be dependent on primary anatomical site of infection nor

setting.

Figure 3.6: Dot plots representing comparisons of olfactory gene expression (highlighted in red)
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across different anatomical sites in sepsis patients. Collection of linear dot plots depicting changes in
olfactory receptor gene expression patterns against a background of overall gene expression (grey
dots) between categories of site-specific sepsis. Olfactory receptors (highlighted in red) showed no
noteworthy deviations regardless of anatomical site. A line of best fit was established for each
comparison, with the highest coefficient of determination being found between CAP-to-HAP (0.99),
and the lowest coefficient of determination being found between Abdo-to-Uros (0.97). Therefore,
olfactory receptor gene expression can be said to remain largely similar in sepsis between different
anatomical sites. Transcripts shown had achieved statistical significance (adjusted p-value < 0.05).
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The dynamics of expression between sepsis in specific anatomical sites and their
respective controls were also tested for any significant differences. The purpose of this step
was to highlight any ORs which may possess a more significant impact in site-specific sepsis
when compared to non-infectious controls. To achieve this, the OR gene expression patterns
in CAP and intra-abdominal sepsis cases were contrasted directly against the corresponding
expression in their respective controls, that is no-CAP, and post-op Gl patients, respectively.
These comparisons are illustrated using volcano plots as in Figures 3.7 — 3.9. No statistically
significant differences (adjusted p-value < 0.05) in OR gene expression was found for CAP
versus no-CAP. However, statistically significant differences (adjusted p-value < 0.05) in OR
gene expression were noted in the case of intra-abdominal sepsis versus post-op Gl controls.
Four ectopic OR genes, namely OR5A2, OR6B2, OR1D5, and OR52E2 were expressed to a lower
degree in abdominal sepsis patients, whereas two ectopic OR genes (OR10P1 and OR10H5)
were elevated in abdominal sepsis (Figure 3.9). These findings may allude to the possibility of
variable OR gene expression between the states of sepsis and infection in the case of
intraabdominal infections, potentially changing the landscape of potential targets of OR genes

in sepsis attributed to this anatomical site.
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Figure 3.7: Patterns of overall gene expression in whole blood of septic CAP patients and non-
infectious CAP controls. Volcano plot depicting overall changes in gene expression patterns of
leukocytes, showing considerable differences in gene expression in cases of both upregulation (e.g.
CD24, STOM, ATP9A) and downregulation (e.g. HLA-DPA1, HLA-DMA, SGK1). Orange dots denote high
expression, purple dots denote low expression. Vertical dashed lines depict the log2-fold change
threshold of 0.25, which equates to an absolute fold change of 1.2. Horizonal dashed lines depict
statistical significance (adjusted p-value < 0.05).
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Figure 3.8: Patterns of overall gene expression in whole blood of septic patients with intraabdominal
infections, and their respective ICU controls. Volcano plot depicting overall changes in gene
expression patterns of leukocytes, showing considerable differences in gene expression in cases of
both upregulation (e.g. CD24, OLFM4, IDNK, LTF) and downregulation (e.g. HLA-DPA1, FGFBP2, MIME).
Orange dots denote high expression, purple dots denote low expression. Vertical dashed lines depict
the log2-fold change threshold of 0.25, which equates to an absolute fold change of 1.2. Horizonal
dashed lines depict statistical significance (adjusted p-value < 0.05).
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Figure 3.9: Patterns of olfactory receptor gene expression in the whole blood of septic patients with
intraabdominal infections, and their respective ICU controls. Volcano plot depicting changes in
olfactory receptor gene expression patterns against a background of overall gene expression (grey
dots). Olfactory receptors (highlighted in yellow) showed both increases (OR10P1, OR10H5) and
decreases (OR5A2, OR6B2, OR1D5, OR52E2) in gene expression in abdominal sepsis compared to non-
infectious controls. Vertical dashed lines depict the log2-fold change threshold of 0.25, which equates
to an absolute fold change of 1.2. Horizonal dashed lines depict statistical significance ( adjusted p-
value < 0.05).

3.3 Olfactory receptor gene expression in specific peripheral blood
mononuclear cells

To further investigate the differential expression and potential functions of ectopic
ORs in innate immune cells, the study by Khan et al (2020) was chosen as it provided datasets
of RNA gene expression for pure populations of PBMCs. This conveys the advantage of
investigating differential OR gene expression which can be solely attributed to a particular cell
type, an effect that cannot be directly measured in whole blood. Cells in this study were
separated by FACS based on their cluster of differentiation (CD) markers: CD14* Monocytes,
CD4* T-Cells, CD8* T-Cells, and CD19* B-Cells (Khan et al 2020). Specific PBMCs were sorted
from heparinized whole blood obtained from patients with sepsis secondary to community-

acquired pneumonia (n=6) or healthy age- and sex-matched healthy control subjects (n=4).
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Blood samples from patients were obtained on ICU admission. Using DESeq2 method (see
Methods), transcriptomes of each specific cell-type were compared between sepsis and
health, revealed the most alterations in gene expression in CD4 T-Cells (3 upregulated, 10
down-regulated), with a lowest number of changes observed for CD8 T-Cells (1 upregulated,
2 down-regulated) (Figures 3.10 — Figure 3.13). Considering adjusted p-values < 0.05, OR52B2
gene expression was found significantly upregulated in monocytes of sepsis patients relative
to health (Figure 3.10). Considering statistical significance, OR gene expression remained
relatively unchanged across both B-Cells and T-Cells. However, several ORs were nevertheless
expressed in all specific cell-types, although with differing levels of expression. In addition,
some ORs were also found to be commonly expressed by multiple cell-types. A list of these

common ORs was compiled into Table 3.1.
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Figure 3.10: Olfactory receptor gene expression patterns in CD14-positive monocytes, sorted PBMCs
study (Khan et al 2020). Volcano plot depicting changes in olfactory receptor gene expression patterns
against a background of overall gene expression (grey dots). Highly expressed pro-inflammatory and
antibacterial genes (e.g. CD177, S100A12, S100A8, HP) are visible. Olfactory receptors which
demonstrated upregulation (OR52B2) are highlighted as orange dots, while those which were
downregulated (OR10AD1, OR52K2, OR52K1, OR2B11) are highlighted as purple dots. OR52B2 was also
found to have achieved statistical significance (p-value < 0.05). Vertical dashed lines depict the log2-
fold change threshold of 0.25, which equates to an absolute fold change of 1.2. Horizonal dashed lines
depict statistical significance (adjusted p-value < 0.05).
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Figure 3.11: Olfactory receptor gene expression patterns in CD4-positive T-cells. Volcano plot
depicting changes in olfactory receptor gene expression patterns against a background of overall gene
expression (grey dots). Highly expressed cell activation and antibacterial genes (e.g. CD177, MMPS8)
are visible. Olfactory receptors which demonstrated upregulation (OR13A1, OR52N4, OR56B1) are
highlighted as orange dots, while those which were downregulated (OR52H1, OR2H2, OR2L5, OR2AK2,
OR2L2, OR2A42, OR2A1, OR5B21, OR10AD1, OR2A7) are highlighted as purple dots. Vertical dashed
lines depict the log2-fold change threshold of 0.25, which equates to an absolute fold change of 1.2.
Horizonal dashed lines depict statistical significance (adjusted p-value < 0.05).
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Figure 3.12: Olfactory receptor gene expression patterns in CD8-positive T-cells. Volcano plot
depicting changes in olfactory receptor gene expression patterns against a background of overall gene
expression (grey dots). Highly expressed pro-inflammatory and antibacterial genes (e.g. CD177, MMPS,
IL1R2) are visible. Olfactory receptors which demonstrated upregulation (OR2A1) are highlighted as
orange dots, while those which were downregulated (OR5B21, OR52N4) are highlighted as purple dots.
Vertical dashed lines depict the log2-fold change threshold of 0.25, which equates to an absolute fold
change of 1.2. Horizonal dashed lines depict statistical significance (adjusted p-value < 0.05).
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Figure 3.13: Olfactory receptor gene expression patterns in CD19-positive B-cells. Volcano plot
depicting changes in olfactory receptor gene expression patterns against a background of overall gene
expression (grey dots). Highly expressed cell activation and antibacterial genes (e.g. CD177, MMPS8)
are visible. Olfactory receptors which demonstrated upregulation (OR2A1, OR2AK2, OR2G6, OR2A7,
OR2T3, OR2L2, OR2T10) are highlighted as orange dots, while those which were downregulated
(OR13A1, OR52N4) are highlighted as purple dots. Vertical dashed lines depict the log2-fold change
threshold of 0.25, which equates to an absolute fold change of 1.2. Horizonal dashed lines depict
statistical significance (adjusted p-value < 0.05).
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Table 3.1: Olfactory Receptor genes that were found to be commonly expressed between two or more types of PBMCs in Khan et al (2020)’s study. Although
many olfactory receptor genes were found to be commonly expressed between several types of PBMCs, not all shared similar levels of differential expression
between cell types. While some olfactory receptor genes were upregulated or downregulated similarly across multiple cell types, some cell types showed
distinct upregulations of some olfactory receptor genes while all other populations expressed downregulations, hinting that some olfactory receptor genes
found to be commonly expressed among cells may indeed also have cell-specific functions. Red denotes statistical difference (adjusted p-value < 0.05) between
sepsis and health.

Monocytes (CD14) T-Cells (CDA4) T-Cells (CD8) B-Cells (CD19)
Downregulated Upregulated Downregulated Upregulated Downregulated Upregulated Downregulated Upregulated
OR10AD1 OR52B2 OR52H1 OR13A1 OR5B21 OR2A1 OR13A1 OR2A1
OR52K2 OR2H2 OR52N4 OR52N4 OR52N4 OR2AK2
OR52K1 OR2L5 OR56B1 OR2G6
OR2B11 OR2AK2 OR2A7
OR2L2 OR2T3
OR2A42 OR2L2
OR2A1 OR2T10
OR5B21
OR10AD1
OR2A7

Genes that have been highlighted in bold were found to be commonly expressed across multiple PBMC types (CD14s, CD4s, CD8s, CD19s).
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3.4 Time course of olfactory receptor gene expression in human
endotoxemia

To better understand the temporal patterns of OR gene expression response, a human
endotoxemia model with genome-wide transcriptomic data at different time points was
utilized (Scicluna BP et al 2020). The human endotoxemia model was established by
intravenous administration of a 2ng/kg blous of E. coli LPS to 8 healthy male volunteers who
were followed in a clinically controlled setting for the duration of 24 hours having blood drawn
in PaxGene blood tubes before, and after 2, 4, 6, and 24 hours LPS injection. During the first 2
hours of human endotoxemia, 12 ORs were found to be significantly (adjusted p-value < 0.05)
elevated, while no ORs showed noteworthy downregulation as shown in Figure 3.14. The most
significantly altered OR gene after 2 hours of human endotoxemia was OR52K1
overexpression. After 4 hours of human endotoxemia, 30 and 4 ORs were found to be
significantly (adjusted p-value < 0.05) elevated and reduced, respectively, some of which are
shown in Figure 3.15. The most significantly altered OR after 4 hours of human endotoxemia
was OR52N4 downregulation. After 6 hours of human endotoxemia, 7 and 2 ORs were found
to be significantly (adjusted p-value < 0.05) elevated and reduced, respectively, as shown in
Figure 3.16. The most significantly altered OR after 6 hours of human endotoxemia was
OR52K2 overexpression. No transcriptome changes were observed after 24 hours of human
endotoxemia. Next, to explore the potential cell-type specific ramifications of these human
endotoxemia findings, time-specific OR genes were matched to those found in specific PBMCs
of sepsis patients (Section 3.3 above) and tabulated as Table 3.2 — 3.4. Altogether, these data
suggest that 4 hours after human endotoxemia initiation is associated with a greater number
of OR genes, and OR2B6 expression may be a monocyte-derived gene exhibiting expression

patterns consistent across all human endotoxemia time points.
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Figure 3.14: Overall olfactory receptor gene expression patterns for whole blood, during the 2" hour
of the course of the Human Endotoxemia Model (Scicluna et al 2020). Volcano plot depicting changes
in olfactory receptor gene expression patterns in whole blood leukocytes against a background of
overall gene expression (grey dots). Olfactory receptors which demonstrated upregulation (OR52K2,
OR52K1, OR2B6, OR52B2, OR2T12, OR51A2, OR51G2, OR2G2, OR10T2, OR2AT4, OR4F15, OR10G3) are
highlighted as orange dots. No olfactory receptors showed significant downregulation during this time
point. Vertical dashed lines depict the log2-fold change threshold of 0.25, which equates to an absolute
fold change of 1.2. Horizonal dashed lines depict statistical significance (adjusted p-value < 0.05).
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Figure 3.15: Overall olfactory receptor gene expression patterns for whole blood, during the 4" hour
of the course of the Human Endotoxemia Model. Volcano plot depicting changes in olfactory receptor
gene expression patterns in whole blood leukocytes against a background of overall gene expression
(grey dots). Olfactory receptors which demonstrated upregulation (OR2B6, OR52B2, OR7G3, OR2B2,
OR2A14, etc, as above) are highlighted as orange dots. Olfactory receptors which were found to be
downregulated (OR2L8, OR52B6, OR5B21, OR52N4) are highlighted as purple dots. Vertical dashed
lines depict the log2-fold change threshold of 0.25, which equates to an absolute fold change of 1.2.
Horizonal dashed lines depict statistical significance (adjusted p-value < 0.05).
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Figure 3.16: Overall olfactory receptor gene expression patterns for whole blood, during the 6" hour
of the course of the Human Endotoxemia Model. Volcano plot depicting changes in olfactory receptor
gene expression patterns in whole blood leukocytes against a background of overall gene expression
(grey dots). Olfactory receptors which demonstrated upregulation (OR52K2, OR8A1, OR2T12, OR52N1,
OR2A2, OR2B6, OR10G3) are highlighted as orange dots. Olfactory receptors which were found to be
downregulated (OR2L2, OR5B21) are highlighted as purple dots. Vertical dashed lines depict the log2-
fold change threshold of 0.25, which equates to an absolute fold change of 1.2. Horizonal dashed lines
depict statistical significance (adjusted p-value < 0.05).

Table 3.2: Table of olfactory receptor genes expressed by multiple PBMC types at the 2-hour time
point of the Human Endotoxemia Model. A list of olfactory receptors known to be expressed on each
specific cell type was compiled and matched with results obtained from the 2-hour time point of the
human endotoxemia model. Some olfactory receptors were found to be unique to specific cell-types.
Olfactory receptors such as OR52K2 and OR2B6 were found to be exclusive to monocytes. OR52K1,
which was found to be upregulated, was found to be shared between monocytes and CD4 T-Cells.

HUMAN ENDOTOXEMIA MODEL —2 HOUR TIME POINT

Monocytes (CD14)

T-Cells (CD4)

T-Cells (CD8)

B-Cells (CD19)

Upregulated

Upregulated

Upregulated

Upregulated

OR52K1 OR52K1 OR52B2 OR52B2
OR52K2 OR52B2 OR4F15

OR2B6
OR52B2

Genes that have been highlighted in bold were found to be commonly expressed across all four
PBMIC types (CD14s, CD4s, CD8s, CD19s). Furthermore, all genes as shown above are sorted in

descending order from top to bottom, based on their recorded fold changes.
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OR52B2 was commonly expressed across all cell types. Olfactory receptors which were found to have
been commonly shared between all cell types were highlighted accordingly.

Table 3.3: Table of olfactory receptor genes expressed by multiple PBMC types at the 4-hour time
point of the Human Endotoxemia Model. A list of olfactory receptors known to be expressed on each
specific cell type was compiled and matched with results obtained from the 4-hour time point of the
human endotoxemia model. Some olfactory receptors were found to be unique to specific cell-types.
OR2B6 was once again found to be upregulated while remaining unique to monocytes, with the
upregulated OR52B2 remaining commonly expressed across all cell types. OR2B2, which was found to
be upregulated was also found to be shared by both monocytes and B-Cells. The downregulated
olfactory receptors OR52N4, OR52B6 and OR5B21, were commonly expressed across all cell types.

HUMAN ENDOTOXEMIA MODEL -4 HOUR TIME POINT

Monocytes (CD14)

T-Cells (CD4)

T-Cells (CDS8)

B-Cells (CD19)

Upregulated

Upregulated

Upregulated

Upregulated

OR2B6 OR52B2 OR52B2 OR52B2
OR2B2 OR2G6 OR4F15 OR2G6
OR52B2 OR2B2

Downregulated

Downregulated

Downregulated

Downregulated

OR52N4 OR52N4 OR52N4 OR52N4
OR52B6 OR5B21 OR5B21 OR5B21
OR5B21 OR52B6 OR52B6 OR52B6

Genes that have been highlighted in bold were found to be commonly expressed across all four PBMC
types (CD14s, CD4s, CD8s, CD19s). Furthermore, all genes as shown above are sorted in descending
order from top to bottom, based on their recorded fold changes.

Olfactory receptors which were found to have been commonly shared between all cell types were
highlighted accordingly.
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Table 3.4: Table of olfactory receptor genes expressed by multiple PBMC types at the 6-hour time
point of the Human Endotoxemia Model. A list of olfactory receptors known to be expressed on each
specific cell type was compiled and matched with results obtained from the 6-hour time point of the
human endotoxemia model. Some olfactory receptors were found to be unique to specific cell-types.
OR2B6 remained consistently upregulated across all time points of the model, while OR52K2, which
was upregulated once again at the 6-hour time point, had been previously upregulated during the 2-
hour time point. Both OR2B6 and OR52K2 remained specific to monocytes. The olfactory receptor gene
OR5B21 was once again found to be downregulated across all cell types, having been identified during
the 4-hour time point. Olfactory receptors which were found to have been commonly shared between
all cell types were highlighted accordingly.

HUMAN ENDOTOXEMIA MODEL — 6 HOUR TIME POINT

Monocytes (CD14)

T-Cells (CD4)

T-Cells (CD8)

B-Cells (CD19)

Upregulated

Upregulated

Upregulated

Upregulated

OR52K2

OR2B6

OR52N1

Downregulated

Downregulated

Downregulated

Downregulated

OR5B21

OR2L2

OR2L2

OR2L2

OR5B21

OR5B21

OR5B21

Genes that have been highlighted in bold were found to be commonly expressed across all four PBMC
types (CD14s, CD4s, CD8s, CD19s). Furthermore, all genes as shown above are sorted in descending order

from top to bottom, based on their recorded fold changes.
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Figure 3.17: Visual summary of OR expression kinetics in peripheral whole blood over the course of
the first 6 hours of the human endotoxemia model. ORs for each cell type were identified using a
shortlist of cell-specific olfactory receptors. Cell types shown include monocytes, T-cells and B-cells.
OR2B6 (highlighted in red) on CD14+ monocytes was found to be continually upregulated over the
course of the 2-, 4- and 6-hour time points of the human endotoxemia model. OR52K1 and OR52K2,
which were found to be uniquely expressed by monocytes, were also overexpressed during the 2-hour
time point, while OR52B2 remained a commonly upregulated olfactory receptor between all cell types
during the 2- and 4-hour time points. Furthermore, all olfactory receptors which were found to be
downregulated over the 4- and 6-hour time points were shared by all or most cell types tested. The
expression patterns demonstrated by OR2B6, OR52K1, OR52K2, OR52B2 provide intriguing targets to
be considered for further sequencing to determine whether olfactory receptor gene expression may
truly be inducible by PAMPs (e.g. LPS). All OR genes shown had reached statistical significance (
adjusted p-value < 0.05).
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3.5 Olfactory gene expression in human monocyte-derived
macrophages and bronchial epithelial cells

To investigate the inducibility of OR gene expression, two different in vitro models with
genome-wide transcriptomes were analysed, that is a primary human monocyte-derived
macrophage model stimulated with E. coli LPS (Malmstrom et al 2020), and a bronchial
epithelial cell model stimulated with Pseudomonas aeruginosa flagellin (Ramirez-Moral et al’s
2021). Analysis of human MDMs stimulated with LPS for 6 hours revealed several statistically
significant (adjusted p-value < 0.05) differences in gene expression that corroborate the
seminal study (Malmstrom et al 2020), with OR8G5 (log2 fold change = -0.63) and OR52K3P
(log2 fold change = 1.54) significantly down-regulated and up-regulated, respectively (Figure
3.18). In contrast, OR gene expression was not altered in human bronchial epithelial cells
stimulated with flagellin (Figure 3.19). Overall, these results suggest that OR gene expression

may be induced by PAMPs.
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Figure 3.18: Olfactory receptor gene expression patterns in human monocyte-derived macrophages
in response to LPS stimulus (Malmstrom et al 2020). Volcano plot depicting changes in olfactory
receptor gene expression patterns in human monocyte-derived macrophages against a background of
overall gene expression (grey dots). Pro-inflammatory cytokine-producing genes (e.g. IL27, IL1B, IL128B,
IL27) showed visible overexpression, as shown above. Olfactory genes which retained statistical
significance (p-value < 0.05) were OR52K3P (orange dot) and OR8G5 (purple dot), which were
upregulated and downregulated, respectively. Vertical dashed lines depict the log2-fold change
threshold of 0.25, which equates to an absolute fold change of 1.2. Horizonal dashed lines depict
statistical significance (adjusted p-value < 0.05).
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Figure 3.19: Olfactory receptor gene expression patterns in human bronchial epithelium following
stimulation by bacterial flagellin, after filtering out for statistical significance (Ramirez-Moral et al
2021). Volcano plot depicting changes in gene expression (grey dots) in human bronchial epithelium.
Pro-inflammatory and bactericidal genes (e.g. SPRR2A, SPRR2E, CCL20) showed visible overexpression.
Although olfactory receptors were detected, these failed to maintain statistical significance (p-value <
0.05) and were filtered out. No olfactory receptors of statistical significance could thus be identified in
human bronchial epithelium. Vertical dashed lines depict the log2-fold change threshold of 0.25, which

equates to an absolute fold change of 1.2. Horizonal dashed lines depict statistical significance
(adjusted p-value < 0.05).

3.6 Inducibility of OR2B6 in stimulated primary human monocytes and
endotoxin tolerance

Thus far, analyses of publicly available datasets revealed that OR gene expression is
relatively low in the context of whole blood leukocytes, specific PBMCs and immune functional
cell models. In addition, some OR genes may be induced as a function of sepsis or stimulated
by PAMPs. To provide more robustness, a human volunteer study was created to evaluate the
inducibility of OR gene expression in primary monocytes. After enriching for monocytes using
negative selection microbeads, flow cytometry was used to evaluate the purity and functional
state of the monocytes. Unstained control cells were used to define gates (Appendix Il, Figure
1). Enriched monocytes encompassed more than 80% of the fraction obtained after

microbead treatment, with an average of 92% CD14+ (min. 85.6%; max. 97.8%) across all
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donor samples (Figure 3.20). Moreover, average CD14+HLA-DR+ double positive monocytes

equated to 98% (min. 93.9%; max. 99.1%).
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Figure 3.20: Representative flow cytometry data of enriched monocytes. (A) Scatter plot of single cell
gating; (B) CD14+ single cells; (C) HLA-DR+ single cells; (D) and (E) histograms depicting CD14+ and
HLA-DR+ percentages of all single cells, respectively. (F) Scatter plot of CD14+,HLA-DR+ double positive
percentage of monocytes in the CD14+ gate. Analysis performed in FlowJo version 10.10.0. FSC,
forward scatter; SSC, side scatter; FITC, Fluorescein isothiocyanate; PE, Phycoerythrin.

Stimulation of monocytes with LPS resulted in a robust TNF-a response (Figure 3.21).
This is in line with expectations that monocytes would respond strongly upon first exposure
to LPS, generating large quantities of pro-inflammatory cytokines such as TNF-a (Foster et al
2007, Brands et al 2021). Re-stimulation with LPS resulted in a dampened TNF-a response,
indicative of endotoxin tolerance (Foster et al 2007, Biswas and Lopez-Collazo 2009, Divangahi

et al 2021). The standardised linear graph upon which sample data was further extrapolated

and derived can be found in Appendix |, Figure 2.
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TNFA gene expression (relative to ACTB) followed the same patterns as for the
secreted protein product, with strong induction in TNFA mRNA after stimulation with LPS, and
a dampened response after re-stimulation (Figure 3.22). Gene expression analysis of a
selected OR candidate, that is, OR2B6, resulted in no noticeable induction of mRNA after LPS

stimulation (Figure 3.23). PCR amplification profiles are illustrated in Appendix Il

Figures 3 —-5.
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Figure 3.21: Bar Graph showcasing increases in TNF-a concentration following stimulations and
restimulations of PBMCs by TLR-4-mediated signalling with LPS. TNF-a concentrations obtained by
ELISA, derived from a standard curve. Values shown above were obtained from the average TNF-a
concentration for each experimental category: Medium, LPS and Restim. Wilcoxon Rank Sum Tests
were carried out to determine statistically significant differences between each category. The degree
of statistical significance between each category shown above can be interpreted as follows *** = p-
value < 0.005 (LPSStim vs. Medium, LPSStim vs. LPSRestim)
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Figure 3.22: Bar Chart visualising differences in expression ratios for TNFA in PBMCs exposed to
culture medium, primary LPS stimulation, and secondary LPS restimulation, respectively. Normalised
expression ratios of TNFA expression obtained by real-time quantitative PCR against reference gene
ACTB. Ratios shown above were obtained from the average of normalised ratios for each experimental
category: Medium, LPS and Restim. Wilcoxon Rank Sum Tests were carried out to determine
statistically significant differences between each category. The degree of statistical significance
between each category shown above can be interpreted as follows: *** = p-value < 0.005 (LPS vs.
Medium), * = p-value < 0.05 (LPS vs. Restim, Restim vs. Medium).
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Figure 3.23: Bar Chart visualising differences in expression ratios for OR2B6 in PBMCs exposed to
culture medium, primary LPS stimulation, and secondary LPS restimulation, respectively. Normalised
expression ratios of TNFA expression obtained by real-time quantitative PCR against reference gene
ACTB. Ratios shown above were obtained from the average of normalised ratios for each experimental
category: Medium, LPS and Restim. No noticeable expression of OR2B6 was detected across all three
experimental conditions.
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Chapter 4:

Discussion



4 Discussion

In this project, OR gene expression patterns and inducibility were evaluated in the
context of immune cells, particularly monocytes and macrophages. Bioinformatics analysis of
independent publicly available leukocyte transcriptomes from sepsis patients, non-infectious
ICU patients, human endotoxemia, and in vitro LPS stimulations of macrophages revealed
members of the OR gene family were expressed. This corroborates a seminal study that found
ectopic OR gene expression in leukocytes of critically ill patients with all-cause sepsis (Scicluna
et al 2020). Moreover, OR gene expression was significantly altered in sepsis relative health,
as well as throughout a human endotoxemia time course relative to baseline (before LPS
infusion). No differences in OR gene expression was uncovered in source-specific sepsis
compared to non-infectious ICU patients, suggesting that induction of OR gene expression
may not be specific to infection, but may represent a general feature of critical illness.
Furthermore, OR2B6 expression in primary human monocytes was not induced by LPS nor
detectable in endotoxin tolerance. Altogether, OR gene expression was altered in the context
of critical illness and an acute systemic inflammatory model, albeit expression levels of ORs

were relatively low and may not be inducible by PAMPs (Figure 4.1).
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Figure 4.1: Overview of Olfactory Receptor (OR) gene expression findings. Critical illness was
associated with elevated expression of OR genes, as well as in the context of an acute systemic
inflammatory model (human endotoxemia), with OR2B6 substantially altered. PAMPs, for example
E. coli LPS, may not induce OR gene expression.

While previously thought not to possess any degree of specific immune memory, the
innate immune system has since demonstrated an interesting capability to develop a short-
term functional memory which enables it to incite rapid immune responses towards certain
pathogens or stimuli (Divangahi et al 2021). This behaviour reveals itself in the form of trained
immunity and immune tolerance, two opposing processes which can enhance or modulate
the immune response, respectively (Ifrim et al 2014). These features are primarily observed in
highly plastic myeloid-derived monocytes, macrophages and natural killer cells (Langenkamp
et al 2000, Foster et al 2007, Netea et al 2011, Souza-Fonseca-Guimaraes et al 2012, Cerwenka

and Lanier 2016), with monocytes and macrophages being the greatest contributors

(Jakubzick et al 2017, Locati et al 2020). Trained immunity refers to the primed state in which
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innate immune cells may elicit more robust immune responses in future encounters, so long
as these cells continue to persist (Divangahi et al 2021). Immunological “training” of innate
immune cells typically begins with the exposure of cellular PRRs (e.g. TLR-4) to PAMPs (e.g.
LPS) present on foreign pathogens, or DAMPs (e.g. ATP) released by damaged tissue. However,
the excessive amounts of primed cells may be detrimental due to the increasing severity of
subsequent inflammatory responses which have a high propensity for collateral damage in
healthy tissues. In the face of repeated exposures to immunogenic stimuli, an opposing state
of immune tolerance is instead favoured (Kaufmann et al 2018), with the aim of deliberately
impairing the immune response to prevent such extensive damage (Divangahi et al 2021). The
most widely investigated form of tolerance has been that established by repeated exposures
of innate immune cells, primarily monocytes or macrophages, to LPS termed endotoxin
tolerance (Foster et al 2007, Biswas and Lopez-Collazo 2009). The mechanisms underlying the
establishment of endotoxin tolerance have been advocated as potentially key features of
sepsis-induced immune paralysis (Cheng et al 2016). Sepsis causes both extensive tissue
damage during its acute inflammatory phase and then suppresses the innate and adaptive
immune system in the longer-term, increasing vulnerability to secondary infections and
impairing tissue recovery (Cavaillon and Adib-Conquy 2006, Monneret et al 2008, van der Poll
et al 2017). The transcriptional profiles of leukocytes in sepsis patients on ICU admission have
been shown to exhibit signs of sustained endotoxin tolerance (Davenport et al 2016, Cheng et
al 2017). Whether OR activity is a feature of sepsis pathophysiology and/or endotoxin
tolerance is unknown. Hence, the findings of this project lend weight to the concept of ectopic
OR gene expression in the context of critical illness due to sepsis and acute systemic
inflammation. When comparing source-specific sepsis cases with their respective ICU controls,

some differences in OR gene expression were found, particularly intra-abdominal infections
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relative to post-operative ICU patients. These findings suggest a more variable OR landscape
in the case of sepsis caused by intra-abdominal infections than other types of sources, for
example lungs. Therefore, OR gene expression in leukocytes may not be specific to infection.
Despite this observation, leukocyte transcriptomes during a human endotoxemia time course
exhibited significant shifts in OR gene expression. The 2-hour time point during human
endotoxemia is considered the most significant time point in the innate immune response
during which the inflammatory response reaches its peak and visible symptoms of fever begin
to manifest (Lowry 2005). It is at this time point where monocytes are most likely to be
experiencing significant epigenetic and metabolic reorientations to best adapt towards the
role of effector pro-inflammatory immune cells (Divangahi et al 2021). A total of 3 monocyte-
specific ORs (OR52K1, OR52K2, OR2B6) were identified to be statistically significant and
notably upregulated during the 2-hour time point of the innate immune response as shown in
Scicluna et al’s (2020) study, with a fourth upregulated OR being shared amongst multiple
other innate immune cell types (OR52B2). The 4 hours’ time point in human endotoxemia has
been reported as highly relevant to endotoxin tolerance (Scicluna et al 2020, Davenport et al
2016, Cheng et al 2017, de Vos et al 2009). Therefore, OR gene expression found to be altered
during this phase may be potentially involved in the development of immune tolerance.
OR2B6 was strongly expressed after 4 and 6 hours of human endotoxemia. This observation
was key to selecting OR2B6 for experimental inducibility evaluation. Notably, the human
endotoxemia model and critical illness due to sepsis or non-infectious aetiologies are
characterized by substantial shifts in cell composition. In the context of human endotoxemia,
approximately 40% of the variance in whole blood leukocyte gene expression can be explained
by shifts in cell counts and differentials (Khan et al 2019). Therefore, it is completely plausible

that differences in OR gene expression may reflect changes in cell composition rather than
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bonafide differential gene expression. To better understand the cell-specific implications of
OR gene expression and whether they respond to extracellular cues, for example infection,
RNA-sequencing data generated from specific PBMCs purified from sepsis patients or healthy
control subjects was evaluated. When comparing the data for CD14+ monocytes between
sepsis patients and healthy controls, both upregulated and downregulated ORs were
identified, with OR52B2 both found to be statistically significant and strongly upregulated.
Thus, these results suggest that ORs may be differentially expressed in specific PBMCs in
response to sepsis. Exploring the expression patterns in a larger cohort of patients with cell-
type specific transcriptomes, including neutrophils would undoubtedly assist in better

understanding their mechanistic implications.

Olfactory receptors are the largest family of membrane-bound GPCRs (Kobilka 2007,
Latorraca et al 2017, Cong et al 2022), constituting the largest multi-gene family in mammalian
genomes (Barnes et al 2020). While ORs had been initially thought to be exclusively localised
to the olfactory tissue, studies over the last two decades have discovered ectopic ORs located
in non-olfactory tissues and cells (Tong et al 2021), fulfilling various other functions (Spehr et
al 2003, Neuhaus et al 2009, Zhang et al 2012, Chang et al 2015, Kang et al 2015, Munakata et
al 2018). The discovery of ectopic ORs in pulmonary mouse macrophages and their
chemotactic functions (Li et al 2013) has since suggested that these ORs may also possess roles
in the innate immune response to infection and cell activation. Other ORs have since been
implicated in anti-inflammatory macrophage differentiation (Lee et al 2019, Vadevoo et al
2021), inflammasome formation (Orecchioni et al 2022), and phagocytosis in alveolar
macrophages (Weidinger et al 2020). Attempts at investigating parallels between peripheral
whole blood and other tissues involved in innate immune were made by studying the action
and expression patterns of ectopic ORs in human bronchial epithelium (Ramirez-Moral et al
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2021). A dataset containing gene expression data for HBE prior to and after exposure against
bacterial flagellin was analysed, attempting to isolate any potential ORs of interest which
could be more profoundly expressed in response to an immunogenic stimulus. Although
several different ORs were initially found to be differentially up- and downregulated in
response to bacterial flagellin, these were all attenuated after filtering out for statistical
significance and thus were not reliable enough to draw any targets from, most likely due to
the low sample size of the study (n=3). Following up on evidence that suggested ORs to be
increasingly expressed during infection, and the inconclusive evidence towards differential
expression in immune tissues, the expression of ORs in dedicated innate immune effector cells
was thus explored. The cells chosen for this study were human monocyte-derived
macrophages, highly plastic immune effector cells differentiated from naive human
monocytes. These MDMs were later exposed to a bacterial stimulus (i.e. LPS) with gene
expression profiles before and after the stimulatory event being available (Malmstrém et al
2020). Analysis of the OR gene expression patterns showed evidence of upregulation and
suppression of two specific ORs: OR52K3P and OR8G5, respectively. These findings suggested
that these ORs were differentially expressed in response to a well-known PAMP, thus
strengthening the idea that ORs may indeed be inducible in innate effector cells such as human
monocytes and macrophages in response to pathogen recognition. In the experimental
procedure of this study, monocytes from healthy donors were exposed to LPS for 24 hours
prior to harvesting, with another select population of cells being allowed to rest for a full day
thereafter. After this first resting period, the monocytes were re-stimulated with LPS to
establish endotoxin tolerance as previously described (Cheng, Scicluna et al 2017, de Vos et al
2009, Bekkering et al 2018, Saeed et al 2014). As expected, testing by ELISA showed a

significantly marked increase in TNF-a production after LPS stimulation, with a dampened
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response to re-stimulation. Moreover, TNFA gene expression reflected protein secretion
profiles, further reinforcing the establishment of tolerance. In this context, OR2B6 was not
reliably expressed. Only 1 of 8 cell samples returned a detectable signal which alluded to
expression of OR2B6. Whether ectopic OR gene expression can be induced in innate immune

cells after stimulation remains an open question.

The study has limitations. First, changes in OR gene expression in sepsis patients
relative to ICU control patients or health, as well as in the human endotoxemia model may
relate to shifts in cell counts and differentials. The variance in OR gene expression explained
by shifts in cell composition was not evaluated. Albeit, OR gene expression was altered in
specific PBMCs purified from sepsis patients relative to health, which lends weight to the
potential for bonafide OR gene expression responses to infection, as well as potential cell-
specific functions across different committed blood leukocyte lineages. Second, the RNA-
sequencing data assessed in this study lacked neutrophil-specific data. Third, bronchial
epithelial cell and MDM RNA-sequencing data were low in sample size, precluding robust
conclusions on OR gene expression inducibility. Fourth, the experimental validation was
centred on one PAMP as a trigger, that is LPS. It is certainly plausible that in the context of
sepsis several other PAMPs (e.g. peptidoglycan) or DAMPs (e.g. ATP or HMGB1) may elicit
changes in OR gene expression. Furthermore, OR gene expression inducibility may be

triggered by cytokine signalling.

In the future, more comprehensive analyses of OR gene expression dynamics in
broader patient cohorts encompassing other infectious diseases, for example: tuberculosis,
dengue fever, and COVID-19; that is, not only sepsis patients, as well as evaluating a larger

range of PAMPs, DAMPs and cytokines (e.g. IL-1B, IL-10, IL-6) in the context of immune
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functional assays is certainly warranted. Moreover, designing antibodies against specific ORs
and testing their surface expression by means of flow cytometry or western blots may allow
for targeted investigations of cell-specific ORs, following up on results for cell-specific ORs
obtained via bioinformatics. Genome editing in specific cells (e.g. CRISPR-Cas9 editing of ORs)
can be utilised to evaluate cell-specific functions of potential OR targets, especially after
further investigation on cell-specific OR surface expression has been performed, expediting
the transition to a potential mechanism versus the aforementioned correlative approaches.
These molecular mechanisms can then be further investigated in relation to the development
of innate immune memory and endotoxin tolerance. Furthermore, the OR landscape and
associated mechanisms can be further studied in MDMs through targeted cell culturing and
testing, allowing for a deeper understanding of their effects in terminally differentiated innate

immune effector cells.

In conclusion, ORs represent the largest family of receptor proteins that have been
traditionally confined to the olfactory system. Recent reports and results generated in this
study lend weight to the concept of ectopic OR activity in innate immune cells during sepsis.
The expression patterns of ORs may not be influenced by PAMP recognition in innate immune
cells. Altogether, the study herein described may facilitate further functional exploration of
ectopic ORs in the context of infection. Whether innate immune cells can “smell” danger by

means of ORs remains an outstanding and interesting question to pursue in future studies.
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2. Physical intervention:
Do alr Fesganch vk nor-hamdl physical inmsseetion on parmcpants which may rke ethical coneesms In yoor
iseigiing?

Me / NA d

3. Vulnerable participants:

D yul Ircluse partiaparnts whe, In your sudy or dbopling, would be conshene voinarablie of By B mar: Jat rsk of being
In vulnessidiny than othars (eg. dhibbeen, Darsons whe e clder, with dermantl, patients, bl ta dsoriminaton, with
clsablines, ekl heahh comaltions, Lrabke To give CORSERT, IR [FOSTITUTON, IMCArcoranes, sLBSTanes SBUSE,
econamicaly of educationaly dhadvarnaged of Finaries)?

Me / NA ¥

J._ Identifiable participants:
Ndpﬂl‘&h Fasanch whoss ey e el i rmwmd.n.wmﬂnugh R nat
liplpl;'l: CORESAT D Be o Idandfed Errbuned ; @ e e

Mo/ MA. b

5. Special Categories of Personal Data (SCPD):

Dee et pliam o csdlet SCPD, which, ‘\ulcﬂdwepamqam (17 142025, S Ay of publicatian], revEss raze of athnic
erigin, polical opinions, relghus o ph Badlefs, rrambership In & Tads Unkor, genesic of blomeore data Fat may
Lty Idenei®y a natural person, heal®, se e Jnd,.'\arsm.l.nl arentation?

es / Unsure e

Werlch of the Tollowing tata categeries ane coBibries, B any? L e and efnic angie; L poltcsl opinlons 1L ralghous and
prlbsephibeal baliels b rads: Ul marskership; v heal® status . s Il of sl sfentation; Wil et
Infosmreation; Vill Bemasric data that may Lnlgoely ienthy & nanral persen. Plece sesoribe Miase submit a Data
Pl it Pl
For the purposes of this study, the participant details to be recorded are age and sex.
No unigue identifying credentials will be required from any of the participants of this
study, as all biclogical samples will be assigned custom numerical identifiers to
anomymize them.

6. Human tissue/samples:
Wl e pesiarch Imhe the colbmion of human tssus Samphes?

es / Unsure .l

Flgase daborate on L the naturs of manerals and/ior blological dssusSames, thelr stofe, Seoumty, Taceakily,
Idenaabiliny, ard whe Fed soces o the I plans for retnthon snd dooruction =

Blood will be collected into Paxene, heparin and serum tubes. PaxGens tubes will be
stored in the CMME facility after collection, whereas heparin and serum tubes will be
processad immediately to obt@in monocytes for in vitno stimulation. Following
stmulation, supernatants will be used to measure oytoking levels, whensas RMNA

T. Withheld info assent/consent:

Dyl pla oo withhaldl Intoematon from pecental partdpants ngarding the Ratun: of t Reaearch whe Wou soik o sbtain
AR EOTGANTE
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Researcher Actions

Submit REDP form

Draft/submitted forms

Account

Logout

Mo/ NA

B. "opt-out’ recruitment:
WA el s Tl pC-OUT Instead of the: 'ape-in’ methed of ctalning corsent when recruiting parddpents [Le.wil any
paricipants be Included In pour study Without providing axplict consent?

Mo/ NA
5. Deception in data generation:
Dt et il £ aethvay provice el riskeasing Information of passhely withheld Information SUrrg the process of data
guErTaton (kg aperivents, use of placebes, Soenaron, games}T

Mo/ NA.

10. Incidental findings:
Cieishe pour resgarch generace incldencal Andings that Fray need w ke comenunicaned 1o partcpancs?

Mo/ NA

Unpublished secondary data
Brwer quastiens 11-13 H your reseanch wehves the Use of serondery data. Othenatss sk o guestion 14,
11. Human:

Wk T dana colieete e BUMaR partdpensT

Mo/ NA

12. Animak

\Was The: data coliotes om animals?
Mo/ NA
13. Mo written permission:
5 wthen parretssion Srom the deta comreller of the origing data 5ol ia ke sbtaingsT

Mo/ MA

Animals

AT qUESTONS 18 - 15 1 your propd Imshsss primany st collahon from anlvals (Ron-human vershres nd
caphabapads) or talr oo samples Dthersise shp To queston 17

14. Live animals, lasting harm:

s Wl Fsaanch I Taedng Ihe: arimals Ut of Thelr Ratural halbits for L in procssuness of whars such Favouval may

calise the animals lasting hamnT

Mo/ NA

15. Live amimals, harm:

|5 Tk & Fisk ShaTt your nesearch causes harm to lh animals?

Mo/ NA

16. Source of dead animals, illegal:
D Wour Py Irvanbog th: Uss of Sead anirmaks (or cher e gl o) that hanve: el Bar soguine legally o fram a
gl seuree?

Mo/ NA

General Considerations

These g ions are to be considered for oll projects.

17. Cooperating institution:
If you need pammisson from & cooperatng InStutan, do oy rguire FREC approval pricr to approaching the Fcinsden?

Yes / Unsure
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Flaace expladn: L how thi cooperaning instrorton will be contactes; Il whather the spproval of anather Research Ethics
Cernpaities of Duta Protection Ofce ks nequined. =

The Department of Applied Biomedical S5dence, under the Faculty of Healthy Sciencas,

iz aware of this research project as part of the Postgraduate Special Projects as part of

the M5 (by Research) for Applied Biomedical Sdence. Mo other committee other than
Researcher Actions FREC and UREC are requirad for apgroval.

18. Risk to researcher/s:

Submit REDP form Dvics this Fisanch nfes Sy FaTisers of thi: Feseanch Team 1o emy signfcant fonesoraiois rsk tha would reguing
EPSCAUTINGTY MEXEITES GVEr and b Thase Tpleally negoined in their I of werk?

Draft/submitted forms Mo/ NA ¥

145. Risk to environment:

Account |5 there signifizant forssoiable Msk St yOUT NEsearch £an Calss Farm 1o T criranmani?

Logout No /NA -

20. Commercial sensitivity:

Dt Yol Pasaeanch Mk Lise of data that may B commirndally sersihae?

Mo/ NA o

Other Potential Risks

Crher potential Fisks for reseandh ethbes and data projection may anse from confiicr of Intesst, hansesting seclal medla data;
n:h|n-dw:rmmMbwrmmdmrlmmdl&lmw:mﬂmrpmmmmnrms Haita, Fraterials

 The need Tor specal permitsToences to ermploy secile CORSTRICE,TESTS; Tt researcher’s having a dual roke;
md,-nrhd.ulumﬁﬂseﬂ‘murmamgwwmnamdm rifer te the FAGK I case of soubse (et
WAL P TR ch TR e

21. Other potential risks:
Dosss ol Pesearch nom other perental eshical or dats procscdon risks?

Mo/ MNA “
22. Official statement: Do you require an official statement from the F/REC that this
submission has abided by the UM's REDFP procedures?

Fleast note that answsnng v/ Lnoure” hene mdans thas pou pay ned stan cata collaotion ueel ol recshe: FREC approval
ol svieny AR FEGLISET o TRl e AT & s ot & yer mnd e pubdizathen, Thmding P

Yes / Unsure -

Part 3: Submission

Which F/REC are you submitting to? =
Faculty applicants will submit ausamatically 1o the Feculty FREC. MarrFeculty applcanes may reder bo thit URED webpages and
st guidanes tram thalr nstnune, Cemtre o Sl 1 bty wiiich F/REC thary sheuld appty ta.

Faculty of Health Sciences ki

Attachments:

Flease Inolcate whidh of tha fallowl rlaks o e atTaching. Fallurs: to provice thase, whars relivans, Hsks deaying
aprcl wprmuummruw Material shouid be attached below. Studens may be requived oo pracics thair DRAFT
letiers of Fequest ahiad of sending 1o cooperatng ST s Do cbtaln thall SUperdsors sFaTun: of Consent and
aspenit fomms.

- Urisersity_of Malta_Mail_-_Communications_Cffice_luly_2082 pof (sizz 1418 KB, uploaded on:
01/ 12/2022 18:3252)

# Information_Letter__Consert_Farm_-_Migel_Sammut_M.5c_Thasis W5pdf (size 191.6 KB, uploaded
ore 20/04,2023 13:28:11)

Ll Migel_Sammut_M.Sc._Social Media_Post_for_FREC_Raview pdf (sizs: 111.5 KB, uploadad on:
20/04/2023 21:11:15)

“Phiiga produce tect materals in English andor Maltsse and/or any other neevent laRgUage (or equbalent bt that may ke
cormUmicated orally for T Wi o ROt read).
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Information and/or recruitmant letter®

Consant forms (adult participants)™

Consant forms for legally responsible parents/guardians, in case of minors ardor adults unablz to
Researcher Actions giva corsant*

Submit REDP form Azgent forms in caze of minars and/or aduls unakle to give consent*

Diraft/submitted forms Data collection tools (intariew guastions, quastionnaing i)

Data Managamant Fan

Account
Data conkrollar parmission in cass of uss of unpublishad secondary data

Logout
Licenca/permission to usa rassarch tocls (.. constructstests)
Ay parmits requirad for import or export of materials or data
Letter granting institutional approval fior access to participants
Instibotional approval for access to data
Letter granting institutional approval from parson diractly responsibla for partidpants

Othar

Please feel free to add a cover note or any remarks to F/REC

1f this s & ne-submission of & Form to FREC, [pleass Incluse previous form refenence rumiser. Miease Indicate I you regquine
WS approval tor Instnutonal funding pUrPeces. Pedse IRl Fefenencs Do Brofect QIant andior any previcus ethles oot
pretsotion sppreval of redated parent projon Pl elabarits oF sy sdanal Tmschimants ol o provising.

Declarations: =

| hereby confirm having read the Univarsity of Malta Raseanch Code of Practice and tha Unersity of
Mdaita Rassarch Ethics Review Prooedures.

| hareby confirm that the answers o the questiors above reflact the comtents of the rassarch
proposal and that the information provided abova is truthful.

| hereloy give consant to tha Univarsity Reszarch Ethics Committes to procass my parsonal data for
the purpose of avaluating my reguest, audit and othar matters ralaed to this applcation |
undarstand that | hava a right of access to my personal data and to obtain the rectification, erasura
or rastriction of procassing in accordanca with data protection law and in partioular tha Ganeral
Data Protection Regulation (EU 20ME/87S, repealing Diractive ¥5/46/EC) and national legisiation that
implemants and furthar specifias the ralevant provisions of mid Regulstion.

Applicant Signature: *
Wit e Sl masvee e, By disineg se and subeniting this foms you sre ettty sgning the derlaraton.

Migel Samrmut

Date of Submission: *
28 /04,2023

If applicable: Date collection start date
Plaass WsaT evisaged dane of data collomion

dd  mm S yyyy

Administration
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Researcher Actions

Submit REDP form

Draft/submitted fonms

Account

Logout

REDF Application 1D
FH5-2022-00568

Current Status
Approved

Audit Trail
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Appendix Il
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Figure 1: Flow cytometry of unstained and stained monocyte controls to set gating strategy.
(A) Unstained (blue) and FITC-CD14 stained (red) histogram overlay, (B) unstained (blue) and PE-HLA-
DR stained (red) histogram overlay.
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Figure 2: TNF-a standard curve for R&D Duo set ELISA.
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tion curves of OR2B6 (olfactory receptor family 2 subfamily B member 6) in

lated monocytes. Curves were generated in linregPCR. No amplification observed for negative
control. Expression of OR2B6 was not reliably detected, as most signals for OR2B6 amplification

originated after the cut-off point derived from the negative control.
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