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Abstract

Rheumatoid arthritis (RA) is an autoimmune chronic inflammatory disease, which
is associated with pathological degradation of bone/cartilage when bone-
resorbing osteoclasts dominate over bone-forming osteoblasts. Recent data have
shown that novel specialised pro-resolving lipid mediators (SPMs)(e.g., RVE1,
RvD1) have the capacity to modulate inflammation, reduce pain and swelling, and
assist in cartilage repair, and bone remodelling. However, although prior studies
have demonstrated the effect of RvE1 and RvD1 on osteoclast inhibition, this
research was limited to murine models and cell lines, and the ability of SPMs to

modulate primary human cells in this context has not been investigated.

This  thesis  therefore  investigates  modulation of  differentiation
(osteoclastogenesis) and function (osteolysis) of primary human CD14* monocytes
and pre-dendritic cells by pro-resolving lipid mediators (e.g., RvE1, RvD1, 17-
HDHA, and MaR1). Notably, these studies have been done in both a “steady-state”
and “TNF-driven” setting to understand the capability of SPMs to function in a
pseudo-inflammatory context. The generated results indicate that exposure of
CD14* monocytes to particular SPMs can lead to inhibition of osteoclastogenesis.
However, the “pathological” and pseudo-inflammatory context is particularly
relevant, as although RvE1 can lead to osteoclast inhibition in cells derived from
healthy donors exposed to TNF, it has no impact in cells derived from individuals
with RA. In contrast, the reverse is true for RvD1, where it is able to inhibit
osteoclastogenesis of CD14* monocytes from individuals with RA exposed to TNF,
but not healthy controls. Mechanistic studies undertaken to examine the cellular
pathways associated with this inhibition, revealed that in both the healthy and RA
context RvE1 and RvD1 exposure was associated with lower superoxide production,

indicative of mitochondrial modulation.

Given the capacity of SPMs to interact with multiple receptors, further studies
were performed to understand the cellular requirements for SPM-driven
modulation of the observed cell fate decisions. Thus, the expression of SPM
receptors present on osteoclasts and osteoclast precursors was examined. Initial
analysis was based on RNAseq datasets for healthy monocytes and monocytes from

patients with different rheumatic diseases, as well as healthy osteoclasts
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differentiated from either monocytes or dendritic cell precursors. Transcriptional
profiling showed that RvE1 and RvD1 SPM receptors, namely LTB4R, CMKLR1, and
FPR2 were expressed in both, monocytes and osteoclasts. Subsequent evaluation
at the protein level, revealed that LTB4R was significantly more expressed in
healthy monocytes and osteoclasts compared to RA cells, while the levels of
CMKLR1 and FPR2 were comparable. Higher expression of LTB4R receptor in
healthy cells supports the inhibitory actions of RvE1 on osteoclastogenesis in

healthy but not in RA osteoclasts.

Having identified a potential mechanism of SPM-driven cellular changes through
mitochondrial modulation, studies were undertaken to evaluate, whether there
are metabolic differences in RA patient and healthy donor monocytes and
monocyte-derived osteoclasts, which could explain the differences observed in
their response to SPMs. Initial results showed a significant increase in glucose
uptake, fatty acid uptake, mitochondrial membrane potential, and increase in
mitochondrial mass/number of mitochondria in RA monocytes compared to
healthy. Interestingly, no differences were observed in the metabolic enzymes
and ATP production. For a better understanding of whether this difference was
maintained throughout the differentiation into macrophages and osteoclasts, the
metabolic state of these cells was further tested. While glucose and fatty acid
uptake was significantly different in RA macrophages and osteoclasts, the
size/number of mitochondria and the membrane potential was no longer

significantly different when compared to healthy cells.

In conclusion, work in this thesis for the first time demonstrates the ability of RvE1
and RvD1 to inhibit osteoclasts differentiated from primary human cells in health
and RA, suggesting a promising role for SPMs and their pathways to modulate the
disease. Moreover, these studies have revealed that RA monocytes have a higher
glucose and fatty acid uptake, compared to healthy monocytes, which was
retained in differentiated macrophages and osteoclasts. These findings suggest
overall increased metabolic activity in RA myeloid compartment, which could lead
to higher bone resorption and inflammation in RA. Further research is now needed
to better understand the drivers of this altered state and to determine the
signalling pathways that could potentially be therapeutically targeted to reduce

bone resorption and inflammation.
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Definitions/abbreviations

13R-HDPA - 13R-hydroxy-docosapentaenoic acid
14S-HpDPA - 14S-hydroperoxy-docosapentaenoic acid
15S-HETE - 155-hydroxyeicosatetraenoic acid
15S-HpETE - 155-hydroperoxyeicosatetraenoic acid
17-HDHA - 17-hydroxydocosahexaenoic acid
17-HpDPA - 17-hydroperoxy-docosapentaenoic acid
17S-HpDHA - 175-hydroperoxy-docosahexaenoic acid
18R-H(p)EPE - 18R-hydro(peroxy)-eicosapentaeonic acid
2DG - 2 Deoxy D-glucose

7-Hp-13R-HDPA - 7-hydroperoxy-13(R)-hydroxy-docosapentaenoic acid
AA - arachidonic acid

ACC1 - Acetyl-CoA carboxylase 1

Acetyl coA - acetyl coenzyme A

ACPA - anti-citrullinated protein antibodies

ACR - American college of rheumatology

ATLs - aspirin-triggered LX

ATP - adenosine triphosphate

ATRyvs - aspirin-triggered resolvins

bDMARDs - biological DMARDs

BLT1 - leukotriene B4 receptor

c-fms - colony stimulating factor-1 receptor

CA?* - calcium ions

CCCP - Carbonyl cyanide 3-chlorophenylhydrazone
CCL2 - C-C motif chemokine ligand 2

CCR2 - C-C chemokine receptor type 2
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cDCs - classical (conventional/myeloid) dendritic cells
cDMARDs - Conventional DMARDs

ChemR23 - chemerin receptor 23

CMKLR1 - Chemokine receptor-like 1

CO; - carbon dioxide

COX - cyclooxygenase

CPT1A - carnitine palmitoyltransferase 1A

CRP - C-reactive protein

CSB - cell separation buffer

CSF-1 - colony stimulating factor 1

CX3CL1 - CX3C motif chemokine receptor 1

Cys-SPMs - cysteinyl specialised pro-resolving mediators
CytC - cytochrome C

DAMPs - damage-associated molecular patterns

DAS - disease activity score

DC stamp - dendritic cell-specific transmembrane protein
Dc_OCs - osteoclasts differentiated from dendritic cell precursors
DCs - dendritic cells

dcSSc - diffuse cutaneous systemic sclerosis

dH0 - distilled water

DHA - docosahexaenoic acid

DMARDs - disease modifying antirheumatic drugs

DMPI - dentin matrix protein

DPA - docosapentaenoic acid

DPEP - dipeptidase

eaSSc - early systemic sclerosis



EDTA - Ethylenediamine tetraacetic acid

EPA - eicosapentaenoic acid

ERK - extracellular signal-regulated kinase
ESR - erythrocyte sedimentation rate

ETC - electron transport chain

EULAR - European League against rheumatism
FADH; - flavin adenine dinucleotide

FBS - fetal bovine serum

FPR2 - formyl peptide receptor 2

FSC-A - forward scatter area

FSC-H - forward scatter height

G6PD - Glucose-6-phosphate dehydrogenase
GeoMFI - Geometric mean fluorescence intensity
GGT - gamma-glutamyl transferase

GLUT (1) - glucose transporter (1)

GPCRs - G-protein coupled receptors

GSTM4 - glutathione s-transferase mu4

HC - healthy controls

HCQ - hydroxychloroquine

HLA-DR - class Il major histocompatibility complex human leukocyte antigens
HRP - Horseradish peroxidase

IFN - interferon

IGF-1 - insulin-like growth factor 1

IgG - immunoglobulin G

IL - interleukin

JAK - Janus kinase



KEGG - Kyoto Encyclopedia of Genes and Genomes
LCs - Langerhans cells

cSSc - limited cutaneous systemic sclerosis

LDS - lithium dodecyl sulfate

LGRé6 - Leucine-rich repeat-containing

LO - lipoxygenase

LTB4 - leukotriene B4

LTB4R - leukotriene B4 receptor

LTC4S - leukotriene C4 synthase

LTs - leukotrienes

LX - lipoxin

M - macrophages differentiated with M-CSF

M-CSF - monocyte/macrophage colony-stimulating factor
mADb - monoclonal antibody

MAPK - mitogen-activated protein kinase

MaR - maresin

MEPE - matrix extracellular phosphoglycoprotein
MHC 1l - histocompatibility complex Il

MitoTracker DR - MitoTracker Deep Red FM

MMPs - metalloproteinases

Mo - monocytes

Mo_OCs - osteoclasts differentiated from monocytes
Mo-DC - monocyte-derived dendritic cell

MOPS - 3-(N-morpholino)propanesulfonic acid

MR - osteoclasts differentiated with M-CSF and RANKL

MR1/25 - osteoclasts differentiated with M-CSF and 1 or 25 ng/ml of RANKL
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MRT - osteoclasts differentiated with M-CSF, RANKL, and TNF
MRT1/10 - osteoclasts differentiated with M-CSF, RANKL, and 1 or 10 ng/ml of TNF
MRTV - osteoclasts differentiated with M-CSF, RANKL, TNF, and ethanol vehicle
MTX - methotrexate
n - number of donors
NADH - nicotinamide adenine dinucleotide
NaHCOs - sodium hydrogen carbonate (sodium bicarbonate)
NETSs - neutrophil extracellular traps
NF-kB - nuclear factor kappa B
NFATc1 - nuclear factor of activated T cells 1
NK cells - natural killer cells
NO - nitric oxide
nPDs - neuroprotectins
NSAIDs - non-steroidal anti-inflammatory drugs
NTC - non-template control
OC stamp - osteoclast stimulatory transmembrane protein
OCR - oxygen consumption rate
OPG - osteoprotegerin
OSCAR - osteoclast-associated receptor
OXPHOS - oxidative phosphorylation
PBMCs - peripheral blood mononuclear cells
PBS - phosphate-buffered saline
PD - protectin
pDCs - plasmacytoid dendritic cells
PG - prostaglandin

PKM - pyruvate kinase muscle isozyme



PMA - phorbol 12-myristate-13-acetate

PMNs - polymorphonuclear leukocytes

Pre-DCs - immature dendritic cells/dendritic cell precursors
PTPN22 - protein tyrosine phosphatase non-receptor type 22
RA - Rheumatoid arthritis

RANK - receptor activator of nuclear factor kappa B

RANKL - receptor activator of nuclear factor kappa B ligand
RF - rheumatoid factor

RIPA - radioimmunoprecipitation assay

RNS - reactive nitrogen species

ROS - reactive oxygen species

RPMI - Roswell Park Memorial Institute

RT - room temperature

Rv - resolvin

RvDs - D-series resolvins

RVEs - E-series resolvins

RvTs - T-series resolvins

SD - standard deviation

SDHA - Succinate Dehydrogenase Complex Flavoprotein Subunit A
SDS - sodium dodecyl sulfate

SF - synovial fluid

SF1/10 - differentiation in the presence of 1 or 10 ng/ml of synovial fluid
siRNA - small interfering ribonucleic acid

SLE - systemic lupus erythematosus

SPMs - specialised pro-resolving lipid mediators

SRB - sulforhodamine B sodium salt
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SSc - systemic sclerosis

SSC-A - side scatter area

SSZ - sulfasalazine

TCA - tricarboxylic acid

TCA - trichloroacetic acid

TNF - tumour necrosis factor

TNFR - tumour necrosis factor receptor
TRANCE - TNF-related activation-induced cytokine
TRAP - tartrate-resistant acid phosphatase
V-ATPase - vacuolar H+ type ATPase
a-MEM - alpha Minimum Essential Medium

AWm - mitochondrial membrane potential
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Chapter 1 Introduction

1.1 Myeloid cell biology

Myeloid cells originate in bone marrow from hematopoietic stem cells and can
differentiate from myeloid progenitor cell into various cell types, including
granulocytes, also known as polymorphonuclear leukocytes (PMNs; i.e., basophils,
neutrophils, eosinophils, mast cells), monocytes, macrophages, different subsets
of dendritic cells (DCs), erythrocytes, and platelets (figure 1.1). They constantly
circulate in blood to be supplied to all tissues during infection or damage repair,
which is an orchestrated process facilitated by various chemokine receptors.
Additionally, they are also present in steady-state tissues where they control
homeostasis and development (De Kleer et al., 2014). As this thesis is focused on
osteoclasts, further emphasis will be placed on their precursors, namely

monocytes, macrophages, and different subsets of DCs.
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Figure 1.1 Cell differentiation from hematopoietic stem cells.

Hematopoietic stem cell originated in bone marrow can differentiate into either myeloid or
lymphoid progenitor cell. Myeloid cells can give rise to several immune cells like PMNs, DCs,
monocytes, or macrophages, while lymphoid cells give rise to T cells, B cells, natural killer cells
(NK cells) or plasmacytoid DCs. Created in BioRender - figure made based on Khan et al. (2022),
Rocamonde et al. (2019), and Zhou & Wu (2017).
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1.1.1Monocyte development

Monocytes are cells of innate immune system that play key roles in inflammation
through for example the release of cytokines or phagocytosis. They are the largest
leukocytes originating from myeloid precursor cells in the bone marrow before
their release into the blood stream where they circulate during homeostasis (Galli
et al., 2022; Monie, 2017). Monocytes make up between 3-8% of circulating cells
under steady-state conditions with higher cell counts recorded during infection,
and between 10-30% of peripheral blood mononuclear cells (PBMCs). Although 90%
of monocytes are CD14 positive, there is some variability and three subsets are
distinguished, namely classical (CD14**CD16°), intermediate (CD14**CD16*), and
non-classical (CD14P™CD16**), from which classical monocytes are the most
abundant (Kapellos et al., 2019; Nielsen et al., 2019). The lifespan of monocytes
is relatively short, usually 1 day for classical monocytes, 4.3 days for intermediate
monocytes, and 7.4 days for non-classical monocytes (Patel et al., 2021). In this
time range, the majority of monocytes undergoes apoptosis, while the rest
migrate to tissues or the site of injury or infection, where they differentiate into
macrophages (Monie, 2017).

Classical monocytes are inflammatory cells, which means they can infiltrate
tissues, produce pro-inflammatory cytokines and mature into inflammatory
macrophages. They can also remove dying cells and microorganisms through
phagocytosis thanks to their pattern recognition receptors (Mirjam & Broos, 2019).
Additionally, they can regulate inflammation, which can later result in its
resolution (Kapellos et al., 2019). Intermediate monocytes are mainly pro-
inflammatory, secreting tumour necrosis factor (TNF), interleukin 1 (IL-1), IL-6 or
IL-12 cytokines once stimulated, while non-classical monocytes are anti-
inflammatory. Under physiological conditions, non-classical monocytes can
differentiate into tissue-resident macrophages, while during inflammation, their
differentiation shifts towards anti-inflammatory macrophages, which actively

assist in tissue repair processes (Mirjam & Broos, 2019).

Apart from the differences in monocyte function and the variable expression of
CD14 and CD16 markers, classical monocytes also express CCR2 receptor (C-C

chemokine receptor type 2) and act in response to CCL2 (C-C chemokine ligand
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type 2), which attracts monocytes from bone marrow to the site of inflammation.
In contrast non-classical monocytes act in response to CX3CL1 (CX3C motif
chemokine receptor 1, also known as fractalkine), which is a non-classical
monocyte chemoattractant maintaining tissue homeostasis and helps with
resolution (figure 1.2) (Tsou et al., 2007). Notably, classical monocytes only
possess CCR2 receptor and lack CX3CR1, while non-classical monocytes, express
CX3CR1 and lack CCR2. Intermediate monocytes, have receptors for both ligands
(CCR2 and CX3CR1), which means they can respond to both chemokines, and even
though they are mainly pro-inflammatory, they can also exhibit anti-inflammatory
actions. However, it is not clear whether they can secrete pro-inflammatory and
anti-inflammatory cytokines simultaneously or whether there is another

mechanism involved (Kapellos et al., 2019; Wacleche et al., 2018).

Additionally, circulating monocytes, in rheumatoid arthritis (RA) were shown to
be leaning towards an intermediate phenotype, and their numbers are also
enhanced in RA patients compared to healthy individuals (McGarry et al., 2021).
Moreover, monocytes, from inflammatory conditions, like RA, are hyper-
inflammatory and primed to become inflammatory macrophages, which is
mediated via a STAT3 pathway. They express more pro-inflammatory cytokines
and chemokines than healthy individuals, have altered mitochondria, and show
enhanced oxidative phosphorylation and glycolysis, which can lead to pannus
formation (thickening of synovial tissue) and cartilage damage (McGarry et al.,
2021).
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Figure 1.2 Different monocyte subsets in inflammation and resolution.

Monocytes (Mo) are released from bone marrow or spleen to migrate to the inflammatory site due
to chemokines. Classical monocytes, which are CD14**CD16" migrate due to CCL2, which interacts
with their CCR2 receptor, while non-classical monocytes, which are CD14°™CD16** express CX3CR1
receptor binding CX3CL1 to achieve resolution. Intermediate monocytes, which are CD14**CD16*
express both types of receptors. Created in BioRender - figure adapted from Marsh et al. (2017)
and Tahir & Steffens (2021).

1.1.2Macrophages

Macrophages are the most abundant immune cells in the majority of tissues. They
play a key role in innate immunity, where they are involved in immunological
response against pathogens and inflammation, as well as in cancer or autoimmune
diseases like RA, where their presence is increased (Lee et al., 2018; Laria et al.,
2016; Yang et al., 2020). Macrophages are also found at higher numbers in synovial
tissues where they can produce pro-inflammatory cytokines after their activation.
Moreover, the number of macrophages in synovial tissue can also be used as a

biomarker for RA disease activity (Laria et al., 2016).

For many years, it has been thought that macrophages differentiate from
circulating blood monocytes, however, it is now known that there are two types
of macrophages. These include blood-borne macrophages and tissue-resident
macrophages, which were formed during the development of an embryo and last

throughout a lifetime (Epelman et al., 2014). Macrophages can have inflammatory
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and pro-resolving properties. Tissue resident macrophages have the ability to self-
renew, influence bone-remodelling and cell turnover, maintain homeostasis by
the clearance of apoptotic cells and by tissue repair, while blood-borne
macrophages are ready to respond to inflammation or infection (Gu, et al., 2017;
Laria et al., 2016).

Under physiological conditions, pro-inflammatory and anti-inflammatory
macrophages are balanced to help maintain homeostasis. However, in the
inflamed joints of RA patients for example, active macrophages release numerous
pro-inflammatory cytokines (i.e., TNF, IL-1, IL-6, IL-8) and chemokines as a
response to inflammation, which then attracts/activates other immune cells
(monocytes, neutrophils, T cells, or fibroblasts). As a result, this can lead to
chronic inflammation followed by bone/cartilage or tissue damage (Laria et al.,
2016). Additionally, based on various factors in the microenvironment,
macrophages can also switch between pro-inflammatory and anti-inflammatory

state, which is essential for resolution of inflammation (Porcheray et al., 2005).

In RA, polarization of pro-inflammatory and anti-inflammatory macrophages in
synovial tissue depends on the level of disease activity, where patients with high
disease activity score (DAS) have more pro-inflammatory macrophages, while
patients in remission have more anti-inflammatory macrophages (Laria et al.,
2016). Moreover, pro-inflammatory macrophages produce more prostaglandins
and leukotrienes, which are necessary for the initiation of transcription of
enzymes (12- and 15-lipoxygenase (LO)) needed for the production of specialised
pro-resolving mediators (SPMs) (Sahni & Van Dyke, 2023). In contrast, the release
of prostaglandins is downregulated in anti-inflammatory macrophages and the
production of SPMs (discussed later) is upregulated, which further leads to the
resolution of inflammation. This process is called lipid mediator class-switching

and results in reparative and anti-inflammatory actions (Serhan, 2014).

Another difference in pro-inflammatory and anti-inflammatory macrophages after
the phenotypic switch is in their metabolism, where pro-inflammatory
macrophages utilise aerobic glycolysis, while anti-inflammatory macrophages use
Krebs cycle and oxidative phosphorylation (OXPHOS), which dominates over

glycolysis. Pro-inflammatory macrophages primarily use glycolysis for rapid
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activation during inflammation or infection, while anti-inflammatory macrophages
use fatty acid oxidation critical for the Krebs cycle. This mechanism is more
suitable for supplying energy for cell survival to keep macrophages alive for a
longer time period while fighting infection and for resolution of inflammation.
Moreover, pro-inflammatory macrophages also possess a broken Krebs cycle,
which contributes to the production of prostaglandins, nitric oxide (NO), reactive
oxygen species (ROS) or IL-1 due to accumulated citrate and succinate, while anti-
inflammatory macrophages have an intact Krebs cycle contributing to the
resolution of inflammation (figure 1.3) (O’Neill & Pearce, 2015; O’Neill, 2015).
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Figure 1.3 Metabolism of pro-inflammatory and anti-inflammatory macrophages.

Glucose is transported into the cell via glucose transporters (GLUT) and converted into pyruvate
in the process of glycolysis. Proinflammatory macrophages (left) express increased glycolysis and
pentose-phosphate pathways (in red), while they possess 2 breaks in Krebs cycle (after citrate and
succinate), which reduces its efficiency (in blue). Anti-inflammatory macrophages (right) prefer
Krebs cycle and oxidative phosphorylation (red) over glycolysis and pentose-phosphate pathway
(blue). Created in BioRender - figure adapted from Sadiku & Walmsley, 2019.

1.1.3Dendritic cell precursors

DCs are the most important antigen-presenting cells in our immune system and
connect innate immunity to adaptive. DCs are relatively rare and only comprise
less than 1% of circulating PBMCs (Hoeffel et al., 2012). Similarly to monocytes
and macrophages, DCs have a series of pattern recognition receptors on their
surface, which allows for their quick response to pathogens or damaged cells
(Mirjam & Broos, 2019). They originate from pluripotent hematopoietic stem cells

in bone marrow and can differentiate either from a myeloid precursor (same
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precursor as for monocytes, and macrophages) or from lymphoid precursors (figure

1.1), however their phenotypes and location differ (Zanna et al., 2021).

DCs are divided into several groups, namely steady-state DCs, inflammatory DCs,
and Langerhans cells (LCs). Steady-state DCs can further be divided into classical
(conventional or myeloid) DCs (cDCs) and plasmacytoid DCs (pDCs). These
subtypes are rich in major histocompatibility complex Il (MHC Il; needed for the
activation of antigen-specific immune response) and lack most of monocyte, T
cell, B cell or NK cell markers (Balan et al., 2019). The pDC subset is characterised
by high production of anti-inflammatory interferon type | during an infection,
while cDCs promote naive T cell activation, which can respond to new pathogens
and trigger immune response (Balan et al., 2019; Granot et al., 2017). In addition,
cDCs also express CD11c, which is necessary for osteoclast differentiation,
however this receptor is absent in pDCs (Ansalone et al., 2021). Inflammatory
subsets are only present during inflammation (e.g., RA) and are monocyte-derived
(either classical or non-classical monocytes) (Balan et al., 2019). LCs are a special
DC subset in skin epidermis and have an embryonic origin. They are the first form
of defence against infections and have a capacity to self-renew (Hoeffel et al.,
2012).

DCs can also be divided based on their location into blood DCs (cDCs or pDCs), or
by the location in the tissue into lymphoid resident or migratory DCs. The
migratory DCs migrate from peripheral tissue, where they collect antigen, to
lymph nodes, where the antigen is presented to T cells. The resident DCs capture
antigen in the lymphoid organs either directly or receive it from other cells like
migratory DCs (Radford et al., 2014). Lastly, DCs can be mature, or immature
based on the expression of their phenotype markers, from which only immature
DCs (pre-DCs) can differentiate into osteoclasts (Ansalone et al., 2021; Balan et
al., 2019).

1.2 Osteoimmunology

Bone is a mineralised living connective tissue composed of 4 cell types, namely
osteoblasts, osteocytes, osteoclasts, and bone lining cells. The role of a bone is
to protect or support inner organs and soft tissues, to gather calcium and

phosphate, and to store bone marrow (Florencio-Silva et al., 2015). Bones are very
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dynamic and bone modelling and remodelling are essential processes during
growth or injuries when the bone changes shape and size (modelling) or in order
to maintain strength and mineral homeostasis (remodelling). In bone remodelling,
old bone is removed (by osteoclasts) and replaced by new bone (by osteoblasts)
at the same ratio which takes approximately 2-3 weeks (Katsimbri, 2017). The
disruption in the balance of osteoclasts and osteoblasts can, however, lead to
various bone diseases like osteoporosis (lack of bone-formation) or osteopetrosis

(too much bone formation and lack of bone resorption).

1.2.10steoblasts and bone-lining cells

Osteoblasts are mononuclear cells formed from mesenchymal stem cells. They are
found on the bone surface and are responsible for the formation of new bone.
Osteoblasts form bone matrix by producing osteoid (non-mineralised bone), which
is mostly composed of type | collagen (90%), proteoglycans, proteins and growth
factors. Osteoid is then mineralised via calcification facilitated by matrix vesicles
released from osteoblasts (Florencio-Silva et al., 2015). Matrix vesicles contain
calcium and phosphate ions which then interact together forming hydroxyapatite
crystals via nucleation. This causes the vesicle to break, and the crystals are
spread throughout the osteoid, binding organic material and proteoglycans, thus

mineralising the matrix and forming the new bone (Anderson, 2003).

After osteoblasts produce new mineralised bone, they can either become
quiescent and transform into bone-lining cells, undergo apoptosis, become
chondroids (cartilage-like structure), or become osteocytes. The ratio of the
transformation varies, however, the majority of osteoblasts (65%) undergoes
apoptosis. Once osteoblasts get embedded in the osteoid (either by themselves or
by the surrounding cells), they become osteocytes (Franz-Odendaal et al., 2005).
When osteoblasts do not differentiate into osteocytes or undergo apoptosis, it is
believed that they become bone-lining cells, which are flat, long, thin, quiescent

cells found on the bone surface (Karsdal et al., 2002).

Bone-lining cells act as important players in bone remodelling and contribute to
the bone tissue repair. In contrast with osteoblasts, they do not contain
osteocalcin, which is necessary for bone formation (Everts et al., 2002). When

they are not activated, they do not contribute to either bone resorption or bone
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formation. However, after the contact with osteocytes embedded in bone matrix
(after a mechanical stress, microcracks, or microfractures in bone), bone-lining
cells can produce receptor activator of nuclear factor kappa B (NF-kB) ligand
(RANKL) and activate RANK receptor on osteoclast precursors. This then leads to
osteoclastogenesis and bone resorption, which can then be repaired by new bone
formation. When bone resorption is no longer needed, bone lining cells start
producing osteoprotegerin (OPG) that blocks osteoclast differentiation (Florencio-
Silva et al., 2015; Matsuo & Irie, 2008). Additionally, it has been shown that
quiescent bone-lining cells also have the ability to de-differentiate back into
mature osteoblasts when bone formation is necessary and during healthy bone
turnover in adults (Matic et al., 2016; Sawa et al., 2019).

1.2.20steocytes

Osteocytes are the most abundant cells in bone (90-95% of cells) and can live up
to 25 years (Franz-Odendaal et al., 2005). Osteoblasts comprise approximately 4-
6% while osteoclasts form only 1-2% of bone cells (Schaffler & Kennedy, 2012).
Osteocytes have a DC-like shape and can be found in mineralised bone matrix.
They are also mechanosensory cells, which gives them the ability to sense
mechanical changes, deformation and fluid movement (e.g., weight-bearing,
physical exercise, load or pressure) in the bone, respond to the local or systemic
stimuli by generating biochemical signals, and control bone remodelling. They do
this thanks to their interconnected network via which they communicate between
each other and the bone surface (Rochefort et al., 2010; Florencio-Silva et al.,
2015) (figure 1.4). They can then adapt the bone to mechanical stress via bone
remodelling and replace the bone if it undergoes any impairment from recurring

mechanical load or injuries.

After osteoblasts become osteocytes, some of the osteoblast markers (alkaline
phosphatase, osteocalcin and type | collagen) are downregulated/lost, while
osteocyte markers (CD44 marker, or sclerostin, which inhibits osteoblast
differentiation) are upregulated (Capulli et al., 2014; Huang, 2007; Miron & Zhang,
2012). They also highly express dentin matrix protein (DMPI) and matrix
extracellular phosphoglycoprotein (MEPE), which are necessary for bone
mineralisation, where MEPE inhibits and DMPI enhances mineralisation of
extracellular matrix (Santos et al., 2009; Schaffler & Kennedy, 2012).
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It has also been found that osteocytes can release OPG and RANKL, therefore can
contribute to the regulation of new bone formation and bone-resorption (Goldring,
2015). However, these cells are understudied due to difficulty of including them
in in vitro assays, therefore, their full potential is still not fully understood.
Moreover, when osteocytes reduce sclerostin production, e.g., during mechanical
stress, osteoblasts start to form new bone (figure 1.4). Additionally, mechanical
load upregulates the expression of prostaglandin E2 (PGE2), Prostaglandin 12
(PGI2), nitric oxide (NO) and insulin-like growth factor 1 (IGF-1), which are also
responsible for bone formation by osteoblasts, however when mechanical load
decreases or is no longer present, these factors are downregulated and osteoblast
inhibitors (e.g., sclerostin) are upregulated (Schaffler & Kennedy, 2012).
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Figure 1.4 Bone remodelling.

Osteoclasts resorb old bone, which is replaced by new bone formed by osteoblasts, while bone-
lining cells form the outer area of bone-remodelling compartment and can be activated and
differentiate into osteoblasts. Osteocytes can regulate bone-resorption by the release of
monocyte/macrophage colony-stimulating factor (M-CSF) and RANKL, and bone formation by
prostaglandin E2 and 12 (PGE2, PGI2, respectively), NO and IGF-1. Additionally, they can release
OPG and sclerostin for osteoclast and osteoblast inhibition, respectively. Created in BioRender -
figure adapted from Gasser & Kneissel, 2017; Salhotra et al., 2020.

1.2.30steoclasts and their precursors

Osteoclasts are multinucleated (3 or more nuclei), bone-resorbing cells
responsible for the normal physiological bone remodelling. Unlike osteoblasts,

osteocytes, and bone-lining cells, which are derived from mesenchymal stem
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cells, osteoclasts are of hematopoietic origin and are created by fusion of their
mononuclear precursors like monocytes, macrophages, or pre-DCs (Muto et al.,
2011; Bhagavatham et al., 2021; Wang et al., 2021; Parvizi and Kim, 2010).
Notably, previous studies reported that only pure immature CD11c* DCs with
MHCII'** CD80- CD86~ phenotype can be differentiate into osteoclasts, both in vitro
and in vivo, where their differentiation potential is lost after maturation (Alhaeeli
& Teng, 2009). Therefore, only the cDCs subset with CD14-CD16 CD11c* phenotype
can be successfully differentiated into osteoclasts, with a comparable
differentiation rate as for CD14* monocytes, because pDCs are CD11c” (Ansalone
et al., 2021).

It has also been shown that even though both classical and intermediate
monocytes can differentiate into osteoclasts, the bone-resorbing activity of these
osteoclasts differs. Osteoclasts from classical monocytes can resorb bone most
efficiently, while osteoclasts differentiated from intermediate monocytes resorb
bone to a lower extent. Under inflammatory conditions (e.g., IL-17), however,
intermediate monocyte-derived osteoclasts showed enhanced efficiency in bone
resorption, while the resorption activity of classical osteoclasts remained the
same (Vuoti et al., 2023). In contrast, non-classical monocytes were believed to
be incapable of differentiating into osteoclasts, however, in 2023 Vuoti el al.
reported that non-classical monocytes can differentiate into osteoclasts, but they
are not able to resorb bone (figure 1.5).

Additionally, it is believed that classical monocytes are the main source of
osteoclasts, while intermediate monoctytes are mainly responsible for the
production of pro-inflammatory cytokines. In the terms of RA, however,
intermediate monocytes are the most abundant and can migrate to RA synovium,
where they can produce pro-inflammatory cytokines like TNF, IL-1 or IL-6. This
could further contribute to higher production of IL-17, thus, to enhanced
formation of osteoclasts from CD14* monocytes (Xue et al., 2020; Komano et al.,
2006).
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Figure 1.5 Osteoclast differentiation from its precursors.

Differentiation of mature osteoclasts from their precursors originating from hematopoietic stem
cells (HSC), namely classical and intermediate monocytes (mo), macrophages, monocyte-derived
dendritic cells (mo-DC), and conventional DCs (cDCs). Plasmacytoid DCs (pDCs) cannot be
differentiated into osteoclasts as they lack CD11c marker. The differentiation into osteoclasts from
non-classical monocytes could be possible but it is not well explored. Created in BioRender.

1.2.3.1 Osteoclast differentiation

In RA, the balance between osteoclasts and osteoblasts is tipped towards
osteoclasts, which results in bone resorption (Feng and Teitelbaum, 2013). The
two most important cytokines involved in osteoclastogenesis are
monocyte/macrophage colony-stimulating factor (M-CSF, also known as CSF-1)
and RANKL.

M-CSF is secreted by a variety of cells such as osteoblasts, monocytes, synovial
fibroblasts, T cells and macrophages (Dai and Stanley, 2003; Fleetwood et al.,
2016). It is a key growth factor responsible for the development of macrophages
(Markey and Hill, 2017). It binds and acts through its tyrosine kinase colony
stimulating factor-1 receptor c-fms (also known as CSF-1R & CD115), promoting
not only monocyte differentiation, but also their proliferation and survival
(Teitelbaum, S., 2007). It also plays a role in lysosome formation and function,
which is important in the bone resorption process (Kimura et al., 2015; Lacombe
et al., 2013).
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RANKL also known as TRANCE (TNF-related activation-induced cytokine) is a
cytokine belonging to the TNF superfamily (Silva and Bilezikian, 2015), and is
expressed by T cells, synovial cells, osteocytes, and osteoblasts (Boyce and Xing,
2008). RANKL can be found as a membrane-bound protein or can be released by
the cells. It interacts with the RANK receptor, expressed on osteoclast precursors,
osteoclasts, pre-DCs and cancer cells, and plays an important role in
osteoclastogenesis (Boyce and Xing, 2008; Fata et al., 2000; Ito and Hata, 2004;
Park et al., 2017; Thomas et al., 1999). In comparison to M-CSF, which controls
monocyte proliferation and survival, RANKL is directly responsible for
differentiation of osteoclast precursors (Faccio et al., 2011). Additionally, RANK
competes for RANKL with a soluble decoy receptor OPG, secreted by osteoblasts.
OPG prevents RANKL from binding its receptor, which leads to the inhibition of

osteoclastogenesis (Pettit et al., 2001).

Apart from RANKL and M-CSF, which are both essential for osteoclastogenesis,
several other pro- and anti-inflammatory cytokines can exhibit stimulatory or
inhibitory effects on osteoclastogenesis. In chronic inflammatory diseases, pro-
inflammatory cytokines such as TNF and IL-1 can stimulate the osteoclastogenic
process. They do it by inhibiting maturation and differentiation of osteoblasts,
inducing their apoptosis, and regulating RANKL and OPG release, which results in
articular bone erosion and inflammation in RA (Baum & Gravallese, 2013; Boyce &
Xing, 2007; Feng & Teitelbaum, 2013; Silva and Bilezikian, 2015). When
inflammation occurs and synovial fluid is inflamed, activated macrophages and
leukocytes infiltrate the affected joint. This infiltration further contributes to the
release of more pro-inflammatory cytokines such as TNF, IL-1, IL-6, IL-17 and
growth factors like M-CSF. As a result, this can impair bone remodelling and lead

to bone damage (Karmakar et al., 2010).

1.2.3.1.1 Osteoclast differentiation under inflammatory conditions

TNF is the key pro-inflammatory cytokine stimulating inflammation in RA. Besides
it being a contributing factor for chronic inflammation, it also contributes to
pathological bone resorption (Jang et al., 2021). This has also been shown in
transgenic mice that overexpress TNF, where mice develop arthritis very similar
to human disease (Keffer et al., 1991; Zhao et al., 2015). TNF is released by
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activated macrophages, T-cells and NK cells, playing a role in various autoimmune
and inflammatory conditions, where it can activate several inflammatory
molecules (i.e., cytokines and chemokines) (Jang et al., 2021). TNF has an impact
on bone resorption and metabolism via its direct actions on the differentiation of
tartrate-resistant acid phosphatase (TRAP) positive osteoclasts from osteoclast
precursors. TNF can increase osteoclast differentiation by the activation of
osteoblasts and tissue stromal cells, which further release RANKL or through the
upregulation of M-CSF and RANKL receptors on osteoclast precursors (Amarasekara
et al., 2018; Zhao et al., 2015). TNF also increases the secretion of IL-34 via
activation of JAK and NF-kB in RA synovial cells, resulting in enhanced
osteoclastogenesis (Amarasekara et al., 2018). Additionally, TNF can promote
osteoclastogenesis in synergy with RANKL and other cytokines like IL-6 but is
unable to cause osteoclast differentiation in the absence of RANKL (Zhao et al.,
2012). In contrast, when monocytes are stimulated with TNF and RANKL in vitro
early in the differentiation process (<24h), it leads to osteoclast inhibition,
showing a dual role of TNF in osteoclastogenesis. The mechanism of early
stimulation with TNF is driven via tumour necrosis factor receptor 1 (TNFR1),
which activates canonical NF-kB pathway resulting in osteoclast inhibition, while
the TNF addition later in the process to osteoclast precursors stimulated with
RANKL acts via tumour necrosis factor receptor 2 (TNFR2) activating non-canonical
NF-kB pathway leading to an enhancement of osteoclasts. Interestingly, it has also
been shown that CD11c* DC precursors do not respond to TNF in the same way as
CD14* monocytes, which is most likely due to the lower expression of TNFR1

receptor (Ansalone et al., 2021).

Apart from TNF, other pro-inflammatory cytokines were also shown to induce
osteoclast differentiation, like IL-1, IL-6, IL-7, IL-8, IL-11, IL-15, IL-17, IL-23 or IL-
34, however the presence of RANKL is required in most cases. These cytokines
lead to osteoclastogenesis indirectly by upregulating the expression of RANKL and
other pro-inflammatory cytokines. Apart from these cytokines, chemokines like
CXCL8, CXCL9, CXCL10 and CCL20 also play a role in osteoclastogenesis by
enhancing the release of IL-6, RANKL, or TNF (Amarasekara et al., 2018).
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1.2.3.2The process of bone resorption

After the contact of osteoclasts with extracellular mineralised matrix, actin
cytoskeleton in osteoclasts gets rearranged and F-actin ring forms continuous
dense dynamic podosomes. This allows osteoclasts to attach via vitronectin,
osteopontin, or sialoprotein (bone proteins) on the bone surface through their
surface integrins (e.g. integrin ayB3) and CD44 adhesion molecule (Feher, 2017;
Silva and Bilezikian, 2015). After the attachment of osteoclasts, a ruffled border,
which is a membrane formed by microvilli, is created. The ruffled border then
separates area that is going to be resorbed from the surrounding tissue by a sealing
zone, which comprises of an actin ring and other proteins. Osteoclasts can resorb
bone via the use of a vacuolar proton/protein pump known as V-ATPase, which
can create an acidic environment within the ruffled border boundaries and
solubilise hydroxyapatite crystals in bone (Silva and Bilezikian, 2015). The next
step of bone resorption is the release of degrading enzymes such as cathepsin k,
TRAP, and metalloproteinases (MMPs), which are transported to the resorption
area under the sealing zone; also known as Howship’s lacunae (Bolamperti et al.,
2022).

During the resorption process, resorbed material from bone matrix degradation is
continuously endocytosed by osteoclasts and transported through the cell to the
opposite side, where they are exocytosed via the secretory domain found at the
top part of basolateral membrane of osteoclasts (figure 1.6). This ensures that
osteoclasts are firmly attached to the bone matrix throughout the whole process
of bone resorption (Bolamperti et al., 2022). Once bone resorption is completed,
osteoclasts can either undergo an apoptosis or de-differentiate into their daughter
cells called osteomorphs (once RANKL is inhibited). Osteomorphs stay in the bone
marrow nearby the resorption area and are ready to fuse back together and

recycle back into functional mature osteoclasts (McDonald et al., 2021).

Similarly, in cell cultures mature osteoclasts usually live only between 2-4 days
after the stimulation with RANKL and fusion of their precursors. These
multinucleated mature osteoclasts then die, usually by undergoing apoptosis.
However, after osteoclasts undergo apoptosis, they are renewed by fusion of other
pre-osteoclasts or by incomplete cytokinesis to form new mature osteoclasts

(Takegahara et al., 2016). Notably, osteoclast cell cultures will never have all the
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cells differentiated into mature osteoclasts, and there will always be some
mononuclear cells that are unable to differentiate (Akchurin et al., 2008;

Cappariello et al., 2014).
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Figure 1.6 Osteoclastogenic bone resorption process.

Osteoclast attaches to vitronectin present on the calcified bone via its receptor (integrin avBs)
creating a sealing zone, which separates resorption pit from the surrounding area. Calcified bone
is then resorbed via various enzymes cathepsin k, TRAP, and MMPs, and acids and resorbed bone
is transported in vesicles through the osteoclast’s functional secretory domain. Created in
BioRender - adapted from Cappariello et al., 2014.

1.3 Rheumatoid arthritis

1.3.1Pathophysiology of the disease

RA is an autoimmune disease characterised by chronic inflammation of the
synovium, with subsequent bone and cartilage destruction (Tsukasaki and
Takayanagi, 2019). The cells responsible for bone loss in RA are bone-resorbing
osteoclasts. Importantly, these cells are essential in the normal physiological bone
remodelling process, which in order to maintain skeletal health remove old bone
via degradation and replace it through osteoblast-driven mineralisation (Feng and
Teitelbaum, 2013). Bone remodelling is a highly regulated process, where the ratio
of osteoclasts to osteoblasts has to be optimal. Perturbation of normal

homeostasis, with a dominance of osteoclasts, can lead to various disease-
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associated bone pathologies, e.g., RA or metastatic cancer (figure 1.7) (Feng and
Teitelbaum, 2013).
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Figure 1.7 Pathophysiology of RA.

In health, osteoclasts and osteoblasts are in balance to maintain homeostasis and healthy bone
remodelling, however, in RA, this balance is disrupted, which leads to higher osteoclast numbers,
thus higher degree of bone resorption. The difference between healthy (left) and inflamed joint
with visible pannus formation (right) involving higher concentration of various pro-inflammatory
cytokines (e.g. TNF), higher RANKL and lower OPG production, which leads to more osteoclasts,
which all contribute to enhanced bone resorption and chronic inflammation (right). Created in
BioRender.

RA has a prevalence of 1% and can affect individuals of all ethnic groups and ages,
with the highest occurrence in the geriatric population. It is more common in
women than in men (approximately 3:1), which could be due to genetic factors
(X-linked) and hormones (e.g., estrogen, progesterone) (O’Brien et al., 2007; van
Vollenhoven, 2009; van Vollenhoven and McGuire, 1994). In general, RA tends to
improve during pregnancy, as higher levels of prolactin are produced, which has
been shown to have an effect on the immune system. Enhanced prolactin levels
can lead to improved RA symptoms and reduced DAS, while progesterone can
supress the immune system (van Vollenhoven and McGuire, 1994). RA can be

seropositive (40-65% heritability) or seronegative (20% heritability), where
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patients with seropositive RA have detectable autoantibodies against anti-
citrullinated protein (ACPA) and/or antibodies against Fc part of immunoglobulin
G (IgG) known as a rheumatoid factor (RF) (Nordberg et al., 2018; Smolen, et al.,
2016). However, both genetic and environmental factors are known to contribute

to the development of RA.

Genetic factors contributing to the development of RA are mostly class Il major
histocompatibility complex human leukocyte antigens (HLA-DR), mainly HLA-DRB1
gene and non-HLA genes such as protein tyrosine phosphatase non-receptor type
22 (PTPN22), which is the second biggest genetic contributor to RA (Kurk¢ et al.,
2013). It was first discovered in 1976 that patients with RA share the identical HLA
haplotype (Stastny, 1976). It was later identified that several alleles in HLA-DRB1
gene are highly associated with RA risk. They encode for molecules containing a
conserved 5 amino acid sequence, known as the shared epitope, found on the MHC
class Il antigen-binding site. It has also been observed that HLA-DRB1 gene aids in
ACPA antibodies development and therefore to ACPA positive RA (Viatte et al.,
2013). Environmental factors contributing to the RA development include smoking
(associated with a higher risk of development of ACPA positive and not ACPA
negative RA), vitamin D deficiency, red meat digestion, bacterial and viral
infections, air pollution and silica (Liao et al., 2009; Edwards and Cooper, 2006;
Stolt et al.,2005).

1.3.2Diagnosis of RA

There is no single test that could determine RA, therefore diagnosis is generally
based on clinical presentation. Thus, evaluation of disease revolves around
classification criteria from the American College of Rheumatology (ACR) and the
European League against rheumatism (EULAR). These criteria help to distinguish
RA from other forms of arthritis (table 1.1) (Tanaka, 2020). After the doctor’s
examination and medical history, laboratory tests are performed, which gives
information on C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR).
Both of these factors are strongly correlated with the disease severity and
radiography changes. RF and ACPA are also essential for the disease diagnosis and
increase the specificity of the diagnosis. Synovitis (inflamed synovium tissue) is
another sign of early RA and can lead to bone erosion (Heidari, 2011). To diagnose

RA progression, imaging can be used, as it monitors narrowing of joint space or
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bone erosion. Radiography is usually not as reliable, therefore, sonography or MRI

can be used for more precise techniques (Wakefield et al., 2000).

ACR/EULAR scoring system serves as a guideline for clinicians to help distinguish
between non-RA or destructive RA. If the score is 6 or higher, the patient is
diagnosed with RA and is prescribed treatment (Taylor, 2020). There are several
scoring systems to assess the DAS, from which DAS28 is the most commonly used.
DAS28 takes into account swelling and tenderness of specific joints (28 joints),
together with other factors like 1-hour ESR (CRP can be assessed as an
alternative), and the physician’s, as well as patient’s assessment of the disease
activity, which is then used for the calculation of DAS with a specific formula
(Gossec, 2018). When DAS28 is <2.6, it is classified as remission, <3.2 is low disease
activity, 3.2-5.1 is moderate disease activity, and the score above 5.1 is high
disease activity (Gossec, 2018; Tanaka, 2020).

Table 1.1 ACR/EULAR classification criteria for RA diagnosis
RF - Rheumatoid Factor, ACPA - Anti-Citrullinated Protein Antibodies, CRP - C-Reactive Protein,

ESR - Erythrocyte Sedimentation Rate (Taylor, 2020)

Joint distribution (0-5)

1 large joint 0
2-10 large joints 1
1-3 small joints (large joints not counted) 2
4-10 small joints (large joints not counted) 3
>10 joints (at least 1 small joint) 5
Serology (0-3)

Negative RF and negative ACPA 0
Low positive RF or low positive ACPA 2
High positive RF or high positive ACPA 3
Symptom duration (0-1)

<6 weeks 0
>6 weeks 1

Acute phase reactants (0-1)
Normal CRP and normal ESR 0
Abnormal CRP or abnormal ESR 1
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1.3.3RA treatment

Currently, there is no cure for RA, however several treatments are used to reduce
symptoms such as inflammation, swelling and pain. Most of the treatments are
focused on diminishing inflammation but it is also important for patients with RA
to exercise daily (mostly swimming, yoga) to improve the disease outcome
(Bullock et al., 2018). It has also been noted that supplementation with fish oil,
calcium with vitamin D, and folic acid can reduce side effects, slow down the
disease progression and relieve pain. Vitamin D deficiency is quite common in
patients with RA and this has been associated with an increased risk of severe RA
or osteoporosis (Kostoglou-Athanassiou et al., 2012). Fish oil supplementation
triggers the production of SPMs and has been recommended for patients with RA.
SPMs have been shown to improve pain, reduce the number of tender joints, and
decrease IL-1 and IL-6 levels. Furthermore, some patients were able to stop
routine treatment with non-steroidal anti-inflammatory drugs (NSAIDs) without

any further complications after taking these supplements (Kremer et al., 1995).

NSAIDs, together with corticosteroids, are the most common form of treatment
for RA. NSAIDs work by blocking the cyclooxygenase (COX) pathway (promotes
production of prostaglandins causing bone resorption), either non-selectively
(acetylsalicate (Aspirin), ibuprofen) or selectively (celecoxib (Celebrex)), which
has less adverse side effects (Bullock et al., 2018; Hadjicharalambous et al.,
2021). Corticosteroids appear to be slightly more effective, however, they tend
to have more side effects (e.g. immunosuppression, diabetes, bone thinning, bone
loss) than NSAIDs and therefore these treatments should only be used temporarily
for a short period of time (<6 months) (Bullock et al., 2018). They reduce
inflammation by activating some of anti-inflammatory genes and by enhancing the
degradation of mRNA which encodes inflammatory proteins, thus switching them
off (Barnes, 2009).

The second-line treatments for RA include disease modifying antirheumatic drugs
(DMARDs), which are used for slowing down the progression of the disease and
joint destruction, and they are known to reduce the expression of bone resorption
markers (Combe et al., 2016). They are divided into 3 groups, namely

conventional, biological, and targeted synthetic DMARDs (Smolen et al., 2010;
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Chatzidionysiou et al., 2017). DMARDs can either be used as a monotherapy or in
a combination with corticosteroids or most often with other DMARDs, mainly
methotrexate (MTX) (Smolen et al., 2010).

Conventional DMARDs (cDMARDs) include MTX, sulfasalazine (SSZ) or
hydroxychloroquine (HCQ) and work by supressing the immune system. MTX was
originally developed as an anti-cancer drug for acute leukaemia. It was later
discovered that lower doses of MTX are effective for RA treatment and thus MTX
is nowadays considered an anchor drug and used as the first DMARD for treating
RA (Kozminski et al., 2020). It is often advised to be used in combination with
corticosteroids or other DMARDs (Kohler et al., 2019). MTX as an
immunosuppressive drug acts on the metabolism of folic acid, and therefore folic
acid supplements are generally proscribed to reduce this side effect (Shea et al.,
2013). In general, less than 5% of patients have to terminate the treatment
because of side effects. Unlike MTX, SSZ was specifically designed as an
antirheumatic drug. It has antibacterial and anti-inflammatory effects and is
usually prescribed to patients with intolerance to other DMARDs. It is also suitable
during pregnancy, which is not possible with MTX (Kohler et al., 2019). It is
relatively safe and is effective as a monotherapy or can be used in combination
with other DMARDs (Amaral et al., 2016). HCQ is an antimalarial drug used in RA
treatment, however, it is not as effective at inhibiting structural damage, as for
example SSZ (Smolen et al., 2010). Additionally, HCQ, as well as MTX, manage to
inhibit osteoclasts in vitro by supressing RANKL secretion, which further prevents
bone erosion in RA (Carbone et al., 2020).

If patients are intolerant or unresponsive to cDMARDs, biological DMARDs
(bDMARDs or biologics) can be introduced. They are administered by injection,
either as an infusion or as self-injection every week or two (Scott, 2010). bDMARDs
(e.g., adalimumab - a TNF inhibitor) are genetically engineered to mimic natural
proteins of the immune system (e.g., monoclonal antibodies) and their target is
more specific (Kornu et al., 2012). Some of the most common side effects of
bDMARDs are an increased chance of infection (Scott, 2010). bDMARDs target and
inhibit pro-inflammatory cytokines such as TNF, which is most widely used, IL-6
receptors, B cells and T cells. TNF inhibitors can work as neutralising antibodies

(e.g., Infliximab) binding to a cytokine, preventing further binding to its receptor
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or as a recombinant soluble receptor (e.g., Etanercept) binding to circulating
cytokine preventing its binding to endogenous receptor (Rider et al., 2016). IL-6
and B cells are inhibited by recombinant monoclonal antibodies called tocilizumab
and rituximab, respectively (Kester, et al, 2012). Interestingly, murine in vivo
studies showed that anti-TNF therapy in combination with an anti-IL-6 antibody
led to the reprogramming of bone-resorbing osteoclasts to non-resorbing
osteoclasts (Matsuura et al., 2018). Similarly, anti-TNF with OPG reduced bone
resorption in arthritic mice (Sakthiswary et al., 2022). Lastly, anti-TNF therapy
(infliximab) in RA patients, led to higher levels of osteocalcin (protein released by
osteoblasts to regenerate bone) and decreased bone erosion markers (Lange et
al., 2005). Similarly to cDMARDs, the effect of bDMARDs is stronger when combined
with other cDMARDs, most often MTX. The combined therapy could reduce the
dose of MTX and bDMARDs, which could lead to lower toxicity, less adverse side
effects, and enhanced immunological tolerance, thus reduce the chance of

immune system developing antibodies against bDMARDs (Inui & Koike, 2016).

Lastly, targeted synthetic DMARDs block a particular pathway inside immune cells,
and include baricitinib, and tofacitinib. These drugs are small molecules used to
inhibit the intracellular Janus kinase (JAK) family enzymes, by blocking their
signalling pathway, thus preventing a pro-inflammatory immune response in RA
(Bullock et al., 2018; Smolen et al., 2016).

1.4 Specialised pro-resolving mediators

1.4.1Specialised pro-resolving mediators and their receptors

As mentioned earlier, RA is a chronic inflammatory disease caused by unresolved
inflammation (Cash, et al., 2014). In non-chronic inflammatory settings, acute
inflammation is a natural response that protects the host from infections and
ideally leads to resolution. This resolution is believed to be achieved in part by
SPMs, which if harnessed appropriately could serve as potential therapeutics for
RA (Arnardottir et al., 2016).

SPMs are a group of lipids, which are biosynthesized during the early stages of
acute inflammation and subsequently in the resolution phase. They can be found

in tissues, organs, condensates of exhaled breath, plasma, serum, lymph nodes or



44

in tears (Abdolmaleki et al., 2019; Serhan & Levy, 2018). They are produced by
immune cells, such as monocytes, macrophages, and neutrophils or are
biosynthesised by a transcellular interplay between e.g.,
neutrophils/macrophages and endothelial/epithelial cells (Chatterjee et al.,
2017).

SPMs can be classified into 4 groups, namely lipoxins (LXs), resolvins (Rvs),
protectins (PDs), and the most recently identified maresins (MaRs) (Serhan, 2014).
They act via the activation of G-protein coupled receptors (GPCRs). Currently,
there are 8 receptors identified, namely formyl peptide receptor 2 (FPR2),
leukotriene B4 receptor (BLT1), chemerin receptor 23 (ChemR23), GPR37,
Leucine-rich repeat-containing GPCR 6 (LGR6), GPR18, GPR32 and GPR101 (Bang
et al., 2018; Flak et al., 2019; Hughes et al., 2021; Park et al., 2020). SPM

receptors and their ligands are further discussed in chapter 3.

1.4.2 Biosynthesis of SPMs from fatty acids
1.4.2.1 SPM biosynthesis from omega-6 fatty acids

The process of SPMs biosynthesis can take many forms and can start with various
fatty acids as the originating molecule. For instance, LXs, the first discovered SPMs
with anti-inflammatory and pro-resolving effects, are biosynthesised from omega-
6 fatty acid, more specifically arachidonic acid (AA) by macrophages and/or
neutrophils with the help of lipoxygenase (LO) enzymes (Serhan, 2005). LXs can
resolve inflammation via several mechanism. They prolong the lifespan of
macrophages via the activation of PI3K and AKT pathways, control neutrophil
levels by guiding them to the site of inflammation and further block their
proliferation. They also modulate the secretion of pro-inflammatory cytokines
(e.g., IL-8) and prevent tissue injury at the inflamed area (Sharma-walia &
Chandrasekharan, 2015).

The process of biosynthesis from AA can take the form of oxygenation by 15-LO
generating either 15S-hydroperoxyeicosatetraenoic acid (15S-HpETE) or 15S-
hydroxyeicosatetraenoic acid (155-HETE). These act as substrates for 5-LO,
leading to the production of LXs with the help of hydrolases producing either LXA4

or LXB4. This process occurs either within the same cell type or transcellularly.
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Alternatively, 5-LO (found in leukocytes) can generate leukotriene A4 (LTA4)
hydrolase, which is transformed by 12-LO (found in platelets) into LXA4 and LXB4
(1:1 ratio). Notably, this mechanism relies on the interaction of neutrophils and
platelets, which can uptake the secreted LTA4. Finally, it is possible for LXs to be
produced when aspirin is present. This scenario results in COX-2 acetylation,
producing 15R-HETE followed by 5-LO to create aspirin-triggered LXs (ATLs; also
known as 15-epi LX or 15R-lipoxins) (Serhan, 2005). ATLs are formed in healthy
humans taking low-dose aspirin, where they have anti-inflammatory effects,
which can further lead to the resolution process (figure 1.8) (Recchiuti et al.,
2019).
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Figure 1.8 The mechanism of biosynthesis of lipoxins from arachidonic acid.

Arachidonic acid (AA) is converted into lipoxin A4 (LXA4) or lipoxin B4 (LXB4) from LTA4 or 15S-
HpETE intermediates with a series of different lipoxygenases (LOs), or into aspirin-triggered
lipoxins (ATLs), also known as 15R-LXs via 15R-HETE in the presence of aspirin. Created in
BioRender.

1.4.2.2 SPM biosynthesis from omega-3 fatty acids

Unlike LXs, which are derived from omega-6 fatty acids, MaRs, PDs and Rvs are
derived from omega-3 fatty acids. Once again there are multiple originating
molecules that can be utilised for biosynthesis. In the case of MaRs, PDs, D-series
Rvs (RvDs) and cysteinyl-SPMs (cys-SPMs), they are derived from docosahexaenoic

acid (DHA). In comparison, E-series Rvs (RvEs) are biosynthesised from
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eicosapentaenoic acid (EPA), whilst T-series Rvs (RvTs) and the n-3 DPA-derived
SPMs are biosynthesised from docosapentanoic acid (DPA); discussed in more
details below (Dyall et al., 2022; English et al., 2017; Serhan, 2014).

SPMs derived from EPA

Biosynthesis of SPMs from EPA leads to the production of RvEs. They have pro-
resolving properties and can limit production of pro-inflammatory cytokines (e.g.,
IL-17, 1L-23), prevent neutrophil and DC infiltration, or promote macrophage
phagocytosis and efferocytosis (Serhan et al., 2022). The mechanism of
biosynthesis for RvEs is very similar to LXs, where EPA is transformed by acetylated
COX-2 or cytochrome P450 to 18R-hydro(peroxy)-eicosapentaeonic acid (18R-
H(p)EPE), which is further converted by 5-LO into RvE1 and RvE2. If 18R-HEPE is
converted by 12-LO or 15-LO, it gives rise to RvVE3 (Lopez-Vicario et al., 2016). For
a long time, these were the only known RVEs, until a recent discovery in 2021
uncovered RvE4. Recent data suggest that RvE4 contributes to resolution of
inflammation via an increase in efferocytosis of apoptotic cells by macrophages.
RvE4 is biosynthesised from EPA by 15-LO to 15S-HpEPE, which can be further
reduced to 155-HEPE and converted to RvE4 by 5-LO or 15-LO (figure 1.9) (Libreros
et al., 2021).
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Figure 1.9 The mechanism of biosynthesis of E-series resolvins from eicosapentaenoic acid.
Eicosapentaenoic acid (EPA) is converted into RvE1-RvE3 from 18R-HEPE in the presence of aspirin
via COX-2 or cytochrome P450, or into RvE4 from 15S-HEPE with different lipoxygenases (LO).
Created in BioRender.
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SPMs derived from DPA

Another group of SPMs was recently discovered and is derived from DPA, which is
an EPA intermediate and a precursor of DHA. These SPMs are either T-series (RvT1-
RvT4; also called 13-series SPMs because of the addition of an alcohol group in the
13th position; Dalli, et al., 2015), or the n-3 DPA-derived SPMs, namely RvD1x.3
ppa, RvD2n-3ppa, RVD5n-3 ppa, MaR11-3 ppa, MaR2n.3 ppa, MaR3n-3ppa, PD1n-3 pPA, PD21-3 DPA
(Dubé et al., 2022).

RvTs have been shown to have protective properties in mice. Notably, they are
able to protect mice from lethal doses of E.coli and serve as antibiotics
alternatives, where they can also increase resolution of inflammation and increase
survival of the mice (Dalli, et al., 2015). Additionally, RvTs, similarly to some
other SPMs can reduce neutrophil extracellular traps (NETs) in human blood. NETs
are produced by neutrophils (first cells to arrive to the site of infection) to trap
pathogens, however, high number of NETs can lead to tissue damage. These SPMs
can regulate NET formation and clearance, which can then be useful in infection
and organ protection and can lead to resolution of inflammation without overt
immunosuppression (Chiang et al., 2022). In RA, the administration of atorvastatin
in humans or pravastatin in mice, upregulated the productions of RvTs, which was
associated with a reduction in disease activity in RA, e.g., reduced joint
inflammation and reduction in DAS (Walker, et al., 2017). For the biosynthesis of
RvT1-RvT4, DPA is converted by COX-2 into 13R-hydroxy-docosapentaenoic acid
(13R-HDPA) and  further reduced into 7-hydroperoxy-13(R)-hydroxy-
docosapentaenoic acid (7-Hp-13R-HDPA), which is further converted into RvT4 by
reduction or into RvT2 and RvT3 by epoxidation. RvT4 can then be converted to
RvT1 by 5-LO after the endothelial cell-neutrophil interaction (Rodriguez & Spur,
2020).

The n-3 DPA-derived SPMs have anti-inflammatory and protective effects in RA,
cardiovascular diseases, or neurodegenerative diseases. Similarly to other SPMs,
they regulate pro-inflammatory cytokines biosynthesis, modulate leukocyte
recruitment and inflammation, and increase macrophage phagocytosis (Dalli et
al., 2013). To form n-3 DPA Rvs, DPA is converted by 17-LO to 17-hydroperoxy-
docosapentaenoic acid (17-HpDPA) and 5-LO to yield RvD1n-3 ppa, RvD2n.3 ppa, and

RvD5n.3 ppa. 17-HpDPA can also be enzymatically converted to an epoxide
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intermediate and further hydrolysed to PD1n.3 bra, PD2n-3 pra. Lastly, arachidonate
12-LO can convert DPA to 14S-hydroperoxy-docosapentaenoic acid (14S-HpDPA)
that is then converted to an epoxide intermediate and further hydrolysed to form
MaR1n-3 ppa Or MaR2,.3 ppa. Additionally, 14S-HpDPA can be oxidised to form MaR3..
3ppra (figure 1.10) (Dalli, et al., 2013).
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Figure 1.10 The mechanism of biosynthesis of n-3 DPA SPMs and T-series resolvins from
docosapentaenoic acid.

Docosapentaenoic acid (DPA) is converted into T-series resolvins RvT1-RvT4 (green) via acetylated
COX-2, while n-3 DPA SPMs are converted from DPA via 12-LO into MaRsn-3 ora (blue), or by 17-LO
into RvDsn-3ppa (red) and PDsn-3 pra (light brown). Created in BioRender.

SPMs derived from DHA

As discussed in section 1.4.2.2, processing of DHA results in the biosynthesis of
RvDs, MaRs and PDs, or neuroprotectins (nPDs) when biosynthesised in the
neurvous system. RvDs have been shown to have stronger anti-inflammatory and
pro-resolving effects than their precursors. They also exhibit neuroprotective
actions, protect cells from injuries caused by oxidative stress, reduce pro-
inflammatory actions via inhibition of NF- KB and IL-6, increase T-cell counts and
can inhibit tumour growth (Ferreira et al., 2022). MaRs can promote resolution of
acute inflammation and promote tissue regeneration, as well as enhance
macrophage phagocytosis and efferocytosis, and reduce pro-inflammatory
cytokines (TNF, IL-1, IL-6) (Hwang et al., 2019). PDs, apart from their anti-
inflammatory and pro-resolving actions also show anti-apoptotic properties, limit
neutrophil infiltration. Moreover, recent studies have demonstrated that PDs can
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lower insulin resistance and inflammation in human primary adipocytes (Jung et
al., 2018). Whereas, nPDs have been shown to protect human retinal pigment
epithelium cells, human brain cells, and rat brain with ischemia-reperfusion from
oxidative stress induced apoptosis, promote cell survival, and protect against
ischemic injury (Bazan, 2006; Bazan, 2009; Mu et al., 2020).

D-series Rvs are generated from DHA either with 15-LO to form 17S-hydroperoxy-
docosahexaenoic acid (17S-HpDHA), which is followed by 5-LO and peroxidases or
by hydrolysis to form RvD1-D6. An alternative mechanism relies on the presence
of acetylated COX-2 to form 17R-HpDHA, which is subsequently converted by 5-LO
to aspirin-triggered Rvs (ATRvs; R-epimers). The conversion of DHA by 12-LO into
14S-HpDHA leads to the production of MaR1 and MaR2 with the help of a hydrolase
or by epoxidation hydrolysis, respectively. When DHA is transformed by 15-LO into
17S-HpDHA, it can be further transformed with epoxidation hydrolysis into nPD1
and its isomer protectin DX (PDX; figure 1.11) (Balas et al., 2014).

Additionally, a new group of SPMs termed cys-SPMs consisting of SPM conjugates
in tissue regeneration (CTR) has recently been identified. These macrophage-
derived SPMs showed apart from pro-resolving properties also tissue-regenerative
and tissue-protective actions in planaria (Chiang et al., 2021; Serhan et al., 2018).
They include maresin, protectin and resolvin CTRs (MCTR, PCTR, RCTR,
respectively), with each group consisting of 3 members, e.g., MCTR1, MCTR2, and
MCTR3 (Chiang et al., 2021). The suggested role of cys-SPMs is to prevent tissue
damage, remove bacteria and debris, and promote tissue regeneration (Serhan,
et al., 2018). The biosynthesis is very similar to other SPMs from DHA, where for
MCTR, DHA is converted by 12-LO into 14S-HpDHA and further into epoxide that is
converted into MCTR1 by glutathione s-transferase mu4 (GSTM4) and by
leukotriene C4 synthase (LTC4S). MCTR1 can then be converted by gamma-
glutamyl transferase (GGT) into MCTR2, which can then be biosynthesised into
MCTR3 by dipeptidase (DPEP). The process is similar for PCTRs and RCTRs,
however, instead of MaR precursor 14S-HpDHA, PD1 precursor (16S,175-epoxy-PD),
and RvD1 and RvD2 precursor (75(8)-epoxy-Rv) are used for the final step of the
biosynthesis (figure 1.11) (de la Rosa et al., 2018; Recchiuti et al., 2019; Serhan,
et al., 2018).
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Figure 1.11 The mechanism of biosynthesis of D-seried resolvins, maresins, protectins, aspirin-
triggered Rvs, and cys-SPMs from docosahexaenoic acid.

Docosahexaenoic acid (DHA) intermediate 17-S-HpDHA gives rise to D-seried SPMs (RvDs; RvD1-
RvD6, green), protectins (PDs; PDX, (n)PD1, yellow), PD/Rv conjugates in tissue regeneration
(PCTR, orange/RCTR, blue). Maresin (MaR) conjugates in tissue regeneration (MCTR, red) and MaRs
(pink) are biosynthesised through 14S-HpDHA, while aspirin-triggered resolvins (ATRvs, green) are
biosynthesised via COX-2 and aspirin. Created in BioRender.

1.4.3 SPMs in RA

As mentioned earlier, SPMs play an important role in inflammation resolution by
their ability to limit the recruitment of PMNs, they promote efferocytosis, reduce
pain, clear bacteria, protect tissue from neutrophil infiltration, block ROS, can
counter-regulate pro-inflammatory cytokines and increase the production of anti-
inflammatory cytokines (Funaki et al., 2018; Norling et al., 2016; Zetoune et al.,
2014). SPMs have numerous positive properties when it comes to inflammation or
tissue/cartilage repair, however, for the purpose of this thesis the focus will be
on the actions of SPMs in RA.

There is only limited research about SPMs in the modulation of disease pathology
and the vast majority of studies focused on processes involved in RA (e.g.

osteoclastogenesis, bone resorption) were conducted in murine models or cell



51

lines. For example, in murine RA models, LXs have been shown to reduce joint
oedema and inflammation, lower levels of pro-inflammatory cytokines, and
reduce immune cell infiltration in murine zymosan-induced arthritis models when
given intra-articularly either as a pre-treatment or post-treatment (Conte et al.,
2010). LXA4 also blocked the IL-1 induced activation of human fibroblast-like
synoviocytes in vitro, which are key cell types to promote inflammation and
activation of immune cells in RA (Sodin-Semrl et al., 2004; Jaén, et al., 2021). In
OA murine models, LXA4 reduced severity of OA symptoms like cartilage loss and
proteoglycan reduction when administered to mice for 8 weeks one day after

medical meniscus destabilisation surgery (Habouri et al., 2017).

Apart from LXA4, some other SPMs biosynthesised from omega-3 fatty acids were
tested in the context of RA. MaR1 reduced arthritic clinical score, levels of pro-
inflammatory cytokines (TNF, IL-1, IL-6) and enhanced IL-10 production in murine
models (Zaninelli et al., 2021). RvD1 has been tested on RAW264.7 cells, where it
inhibited the ability of these cells to become mature osteoclasts with the ability
to resorb bone. Furthermore, it decreased the ability of RAW264.7 cells to produce
pro-inflammatory cytokines. Similar results were observed in in vitro osteoclast
cultures from human monocytes, which lead to reduced bone resorption. RvD1 in
mice reduced disease activity, bone resorption and cartilage degradation by
reducing the production of TRAP, cathepsin k, TNF, IL-1, IFN-y, and PGE2
(Benabdoun et al., 2019; Zaninelli et al., 2021). Similarly to RvD1, RvE1 also
managed to inhibit osteoclastogenesis, bone erosion and secretion of pro-
inflammatory cytokines like IL-17, which further inhibited expression of RANKL
and PGE2 in RAW264.7 cells, however, RvE1 has not been tested in primary human
cells (Funaki et al., 2018).

Lastly, different levels of SPMs were recorded in plasma from RA patients with
different disease activity. RA patients with active disease showed lower levels of
LXA4, MaR1, RvD1 and RvE1 in plasma and serum compared to those in remission
or healthy individuals, while the levels of pro-inflammatory chemokines and
cytokines were increased in RA patients with active disease, which suggests
impaired synthesis of SPMs in RA (Ozgiil Ozdemir et al., 2020; Zaninelli et al.,
2021). Interestingly, a study conducted in 2016 by Barden et al. examined the

level of SPMs in plasma and synovial fluid in patients with arthritis compared to
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healthy individuals. Both groups were taking omega-3 fatty acids supplements,
while patients were also treated with anti-rheumatic drugs. As a result, SPM levels
were increased in individuals with arthritis and the conversion rate of the majority
of SPMs (RvEs, RvDs) was higher compared to healthy volunteers, despite a similar
concentration of omega 3 fatty acid supplements. Additionally, conversion from
precursors 18-HEPE and 17-HDHA to RvEs and RvDs was greater in synovial fluid
rather than in plasma, which could lead to enhanced inflammation resolution in
joints, lower cartilage damage, and reduced symptoms as a result of omega-3

fatty acids supplements (Barden et al., 2016).
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1.5 Hypothesis and Aims

Previous research has suggested numerous advantages of SPMs in controlling
inflammatory cascades and inhibiting osteoclastogenesis. However, the majority
of this research has been predominantly conducted in murine models or cell lines
rather than in primary human cells. This is particularly the case for osteoclast,
where osteoclast differentiated from human myeloid cell lineage, more
specifically CD14* monocytes or CD14'CD16'CD11c* pre-DCs, has not been
investigated. Therefore, the overall hypothesis of this work is that SPMs possess
inhibitory properties that could modulate osteoclast differentiation from primary

human cells in vitro and decrease their bone resorbing activity.

Additionally, prior research has shown that RA monocytes have different
epigenetic and transcriptomic profiles. Moreover, the SPM receptor expression in
primary human cells is not well understood. Therefore, it can be hypothesised
that SPM receptors are differentially expressed in health and RA, which can lead
to different potential effect of SPMs on osteoclastogenesis and bone resorption in
different cell types. More specifically, if an SPM receptor is predominantly
expressed in RA than in health, it can be hypothesised that SPMs binding this
receptor may have a stronger effect in RA, potentially leading to a more evident

inhibitory effect on osteoclastogenesis.

Moreover, previous research has shown perturbation in the myeloid compartment
of RA patients compared to healthy individuals, with altered metabolic activity in
RA monocytes, however, whether this difference is maintained throughout the
differentiation into osteoclasts is not explored. Therefore, it can be hypothesised
that osteoclasts as highly metabolically active cells will show metabolic
differences between healthy and RA cells, which could potentially be linked to

their function.

Lastly, increased superoxide production, which is linked to mitochondrial damage,
has previously been associated with increased osteoclastogenesis, therefore
another hypothesis that needs to be investigated is that the effect of SPMs may
reduce osteoclastogenesis via the inhibition of superoxide production.

Understanding the difference in metabolism of healthy and RA osteoclasts and
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their precursors (in the presence and absence of SPMs) could aid with targeting

various pathways, which could contribute to the resolution of inflammation and

reduced bone resorption and could be a step forward as a potential treatment for

RA.

This thesis aims to:

1.

Establish a reliable model for osteoclast differentiation.

Identify SPM receptors present on osteoclasts and their precursors in

healthy individuals and RA patients at a transcriptional and protein level.

Evaluate the actions of selected SPMs on CD14* monocyte-derived and pre-
DC-derived osteoclasts and their monocytic precursors under TNF-driven
inflammatory conditions and standard culture conditions in terms of

osteoclastogenesis and bone resorption.

Understand metabolic changes in healthy and RA monocytes, macrophages,

and osteoclasts and the impact of SPMs on metabolism.

Investigate whether SPMs can inhibit superoxide production, which could

lead to the inhibition of osteoclasts.
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Chapter 2 Materials and Methods

2.1 Osteoclastogenesis from osteoclast pre-cursors

2.1.1Sample collection

Patients with rheumatoid arthritis (RA) were recruited at either the Gartnavel
General Hospital Rheumatology Unit or the Queen Elizabeth Hospital
Rheumatology Unit in Glasgow. Only patients with active RA (disease activity score
(DAS) 28 > 2.6) and those who were naive to biological therapies but treated with
conventional disease-modifying antirheumatic drugs (cDMARDs), more specifically
Methotrexate, were recruited. Age and sex matched healthy donors were
recruited at the University of Glasgow, Glasgow Biomedical Research Centre.
Informed consent was obtained from all the donors before sample collection under
the auspice of ethical approval (West of Scotland REC 4 approval 14/WS/1035,
project reference: CG_2021_17_A). All donors remained anonymous after a
collection of a maximum of 50 ml of peripheral blood into sodium heparin tubes

(BD Vacutainer™).

2.1.1.1PBMC isolation

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient
from either blood collected in sodium heparin tubes (<50 ml) or leukocyte cones
of healthy donors. Blood was diluted 1:1 (or 1:3 for leukocyte cones) with sterile
phosphate-buffered saline (PBS; Gibco, 14190-094), and layered over 3 ml of
Ficoll-Paque Plus (cytiva, 17144003) in 15ml falcon tubes and centrifuged (400g,
30 min, room temperature (RT), no brake). The top plasma layer was aspirated
with a Pasteur pipette and discarded whilst the next layer containing PBMCs was
carefully aspirated off and transferred into a new 50 ml falcon tube. The PBMC
layer collected in a new falcon tube was increased in volume to approximately 45
ml with PBS and centrifuged at 300g for 10 min with the brake on. The resulting
pellet was resuspended in 45 ml of PBS two more times with additional
centrifugation, as a means of washing the cells. After washing, PBMCs were
resuspended in cell separation buffer (CSB; PBS supplemented with 2% fetal bovine
serum (FBS; gibco, 10500-064) and 1 mM ethylenediaminetetraacetic acid (EDTA;
Sigma-Aldrich, E7889-100ML) to the final volume of 25 ml. To count the cells, 10
pl of cell suspension was mixed with 10 pl of Trypan Blue (Gibco, 15250061) to
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exclude dead cells. Afterwards, 10 pl of cells mixed with Trypan Blue was added

to a haemocytometer and counted using a light microscope.

2.1.1.2CD14* monocyte isolation

CD14* monocytes were isolated from PBMCs with the EasySep™ Human CD14
Positive Selection Kit (94.7% purity; see section 2.6 for purity check) according to
the manufacturer’s instructions (Stemcell Technologies, 17858). Briefly, PBMCs
were pelleted via centrifugation and resuspended at 1x102 cells/ml in CSB. The
cell suspension was transferred into a 5 ml round-bottom polystyrene tube
(Stemcell Technologies, 38007) and incubated at RT (lid on) for 10 minutes with
an antibody cocktail (100 pl/ml; included in the isolation kit). After 10 minutes,
nanoparticle beads (included in the kit) were added at 100 pl/ml and the
suspension was incubated for another 3 minutes. The volume was increased to 2.5
ml with CSB and the tube was placed in an EasySep™ magnet for column-free
immunomagnetic separation (lid off) for 3 minutes. Then, in one continuous
movement, the magnet with the tube was inverted to discard the supernatant.
The tube was removed from the magnet and the CD14* monocytes were
resuspended in 2.5 ml of CSB, placed back into the magnet and incubated for 3
minutes prior to removal of supernatant, as mentioned above. This procedure was
repeated twice. Once supernatant was discarded after the last incubation step, 3
ml of complete alpha Minimum Essential Medium (a-MEM; gibco, 22571-020),
supplemented with 1% L-glutamine (gibco, 25030-024), 1% penicillin/streptomycin
(Sigma Aldrich, P0781), and 10% FBS (gibco, 10500-064) was added to the cells.
The isolated cells were counted with haemocytometer as described in the above

section (see 2.1.1.1) and diluted to the final concentration of 1x10° cells/ml.

2.1.1.3 Dendritic cell precursor isolation

Dendritic cell (DC) precursors were isolated from PBMCs with EasySep™ Human
Myeloid DC Enrichment Kit (Stemcell Technologies, 19061). Briefly, the PBMC cell
pellet was resuspended at 5x107 cells/ml and transferred to a 5 ml round bottom
tube (Fisher Scientific, 352054) fitting the EasySep™ magnet. FcR blocker was
added at 15 pl/ml together with 50 ul/ml of Myeloid DC Enrichment Cocktail (both
components A and B; part of the kit), cells were mixed and incubated for 30
minutes at RT. Magnetic beads were briefly vortexed and added to the sample at

100 pl/ml and incubated for another 10 minutes at RT. CSB was topped up to 2.5
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ml, the tube was placed into the magnet without the lid, and incubated for 5
minutes. The tube with cell suspension was inverted while still in the magnet and
cells were collected into a new 5 ml round bottom tube, which was subsequently
placed in the magnet for 5 more minutes. Finally, the tube in the magnet was
inverted and the isolated cells were transferred to a new 5 ml round bottom tube
and counted with a haemocytometer as for CD14* monocytes (see 2.1.1.1).
Counted cells were centrifuged (400g, 5 min, 4°C, no brake), and resuspended in

complete a-MEM at 1x10° cells/ml.

2.1.1.4 Osteoclast differentiation

Isolated CD14* monocytes or DC precursors resuspended in complete a-MEM at
1x106 cells per ml were plated on a 96-well flat bottom cell culture plate (Corning,
3596) at 1x10° cells/well (100 pl/well). Plated cells were stimulated with 25 ng/ml
of recombinant human macrophage colony-stimulating factor (M-CSF;
PEPROTECH, 300-25-100UG) and all surrounding wells were filled with PBS to avoid
media evaporation. The cells were incubated at 37°C with 5% CO,. After
approximately 18 hours, 50 pl of media was replaced with fresh media containing
a final concentration of 25 ng/ml of M-CSF and 25 ng/ml of recombinant human
soluble receptor activator of NF-kB ligand (RANKL, E. coli-derived; PEPROTECH,
310-01-100UG). Recombinant human tumour necrosis factor (TNF; PEPROTECH,
300-01A) was added to certain wells at 10 ng/ml on day 5 (120 hours after the M-
CSF addition) to emulate an “inflammatory” environment. In some instances, 10
ng/ml of specialised pro-resolving lipids (Cayman Chemicals), namely resolvin D1
(RvD1; CAY13060-10ug), RvE1 (CAY10007848-10ug), 17-HDHA (CAY33650-25ug)
and Maresin 1 (MaR1; CAY10878-10ug) were added together with TNF. All
experiments were done in triplicates and media was refreshed every 3 days.
Finally, cells were stained with tartrate-resistant acid phosphatase (TRAP) on day

10 or were used for other experiments (figure 2.1).
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Figure 2.1 Experimental workflow.

Human in vitro osteoclast differentiation from whole blood, where monocytes or dendritic cell
precursors were isolated from PBMCs and differentiated into osteoclasts with M-CSF, RANKL +TNF
+ SPMs for 7-10 days. Further applications of osteoclasts in various assays, namely RNA sequencing,
gPCR, western blot, TRAP staining, bone resorption assay, ATP assay, MitoSox assay,
Immunohistochemistry, flow cytometry, and seahorse are listed (created in BioRender).

2.1.1.5THP-1 cells

THP-1 cells were grown in a 75 cm? tissue culture treated flask (Greiner Bio-One,
658175) in complete Roswell Park Memorial Institute (RPMI) media (Invitrogen,
31870-025) supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% L-
glutamine. Media was changed every 3 days. Cells were split once a week and
transferred to a new 75 cm? flask at a concentration of 2x10° cells/ml. Several
passages were performed to ensure stable cellular properties. Subsequently, cells
were centrifuged (300g, 5 min, RT), counted using haemocytometer, resuspended
in fresh complete RPMI media, and plated on a 96-well plate at a concentration
of 1x10° cells/well. Cells were grown in the presence of 100 ng/ml phorbol 12-
myristate-13-acetate (PMA) for 4 days. After 4 days, M-CSF and RANKL were added
at the final concentration of 50 ng/ml and incubated for another 10 days. Cells

were TRAP stained on day 14.

2.2 Quantification of osteoclasts

2.2.1TRAP staining of osteoclast cultures

Media was removed from wells and cells were fixed with fixative solution (12.5 ml
citrate solution (Sigma Aldrich, 91-5; from kit, Cat No. 387A-1KT), 32.5 ml acetone
(VWR, 20066.330), 5 ml 37% formaldehyde (Sigma-Aldrich, F-8775)) for 1 minute

at RT. Wells were washed 3 times with distilled water, dried, and fixed cells were



59

incubated with 100 pl of TRAP staining solution according to the manufacturer’s
protocol (Acid Phosphatase, Leukocyte (TRAP) Kit, see appendix; Sigma-Aldrich,
387A-1KT) for 20 minutes at 37°C in the dark. Stained cells were washed 3 times
with distilled water and were allowed to dry overnight. Images of TRAP-stained
cells were taken at 10x or 20x magnification with the EVOS FL Auto cell Imaging
System (Life Technologies). Mature osteoclasts (3< nuclei, stained in purple) were

manually counted with ImageJ software with a cell counter plugin.

2.2.2Bone resorption assay

CD14* cells were plated on a special 96-well osteo assay Stripwell plate (Corning,
3989) coated with calcium phosphate at 1x10° cells/well and cultured as for TRAP
staining in the presence of M-CSF, RANKL, +TNF and SPMs for 12 days. Afterwards,
media was discarded, and cells were lysed with sodium hypochlorite solution
(Sigma-Aldrich, 425044-1L). Plates were imaged with EVOS microscope and images
were analysed by IMAGE J.

2.3 Expression of SPM receptors at a transcript level

2.3.1RNA sequencing and data analysis

CD14* monocyte RNAseq dataset used in this thesis was previously generated in
the Goodyear laboratory (Kieran Woolcock, 2022). Briefly, peripheral blood was
obtained from RA patients at Gartnavel General Hospital Rheumatology unit
Glasgow (DAS28 > 2.7) and age-matched healthy volunteers were recruited at the
University of Glasgow. Informed consent was obtained from all donors prior to
sample collection together with an appropriate ethical approval (West of Scotland
REC 4 approval 19/WS/0111, project reference CG_2019_09_A_AMO1). All donors
were treated anonymously after sample collection. CD14* monocytes were
isolated from PBMCs with CD14 Positive Selection Kit and isolated cells were
subsequently lysed with RNA lysis buffer supplemented with B-mercaptoethanol.
RNA extraction was conducted with the PureLink™ RNA Mini Kit (Invitrogen,
12183018A). RNA samples were sequenced by GenomeScan BV (Leiden, The
Netherlands). For RNA library preparation, the NEBNext Ultra Il Directional RNA
Library Prep Kit for Illumina (New England BioLabs) was used. RNA sequencing was

conducted according to the manufacturer’s instructions with NovaSeq 6000
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(IWlumina), using 1.1 nM of DNA. The sequencing reads were alighed to the
reference genome (GRCh38.p13, Ensembl). DESeq2 package in RStudio was used
for normalisation of read counts and for identification of genes that are
differentially expressed between sample groups. Further analysis was undertaken

with Rstudio (see section 2.8 for Rstudio packages).

2.3.2Quantitative polymerase chain reaction (qQPCR)
2.3.2.1Cell lysis and RNA extraction

Cells were lysed with RLT lysis buffer (part of the RNeasy Micro Kit; QIAGEN,
74004) supplemented with 1% B-mercaptoethanol (Sigma-Aldrich, M3148-100ML).
70% ethanol was added to the lysate (1 volume) and mixed by pipetting. RNA was
extracted according to the Manufacturer’s manual (RNeasy Micro Kit, QIAGEN,
74004). Briefly, samples were transferred to an RNeasy MinElute spin column in a
2 ml collection tube, centrifuged for 15 seconds at 8000g and flow through was
discarded. Samples were incubated with DNase | solution (10 pl of DNase | stock
solution in 70 pyl RDD buffer; Qiagen, 79254) for 15 minutes. Next, 350 pl of RW1
buffer (part of the RNeasy Micro Kit) was added and samples were centrifuged as
previously described. RNeasy MinElute spin columns were placed into a new
collection tube and 500 pl of RPE buffer (included in the kit) was added. After the
centrifugation (15s, 8000g), 500 pl of 80% ethanol was added to the column and
the samples were centrifuged for 2 minutes. To dry out the membrane, samples
were centrifuged again at maximal speed for 5 minutes in a new collection tube
(lid open). Finally, columns were transferred into a new 1.5 ml tube and 14 pl of
RNase free water was directly applied to the centre of the membrane. Samples
were centrifuged one last time for 1 minute at full speed to elute the extracted
RNA, which was then kept on ice. Concentration of every sample was measured
by Nanodrop2000 Spectrophotometer (ThermoFisher Scientific). The ratio of
absorbance at 260 and 280 (A260/A280) for pure RNA should be between 1.8-2.1
and the ratio of 260/230, showing possible contamination, should be between 2.0-
2.2. If cDNA could not be synthesised the same day, extracted RNA was stored at
-80 degrees.



61

2.3.2.2 cDNA synthesis

cDNA was synthesised using High-Capacity cDNA synthesis kit (Applied Biosystems,
4368814). Isolated RNA samples were diluted in RNase free water to achieve a
uniform concentration (10 ng/pl or higher) for all samples. 100 ng of RNA was used
per reaction, which is expected to yield 100 ng of cDNA. To prepare the samples
for gPCR, 10 pl of diluted RNA was added to a PCR tube and mixed with 10 pl of
2x RT master mix per each reaction on ice (table 2.1). Components of the kit were

thawed on ice.

Table 2.1 2x RT master mix for cDNA synthesis

Component Volume

10X RT Buffer 2.0 uL

25X dNTP Mix (100 mM) 0.8 pL

10X RT Random Primers 2.0 L
MultiScribe™ Reverse Transcriptase 1.0 yL
Nuclease-free H,0 4.2 uL

Total per reaction 10.0 pL

Afterwards, tubes were centrifuged (30s, 400g), and put in the thermocycler
where they were initially incubated at 25°C for 5 minutes, then at 37°C for 2
hours and finally at 95°C for 5 minutes. cDNA samples were stored at -20°C until

gPCR was performed.

2.3.2.3 Primer design

gPCR primers were designed using the Integrated DNA Technologies Ltd (IDT) and
ENSEMBL website. An exon sequence of a particular gene was identified, and the
selected sequence copied to the IDT website where further primer parameters
were implied. Primer length was designed to be between 18-23 base pairs yielding
a PCR amplicon between 90-150 bp. GC nucleotide content was between 40-60%
(optimally 50%) and optimal melting temperature was 60°C with a range between
59.5 - 61°C. The selected sequence of the primers was subsequently confirmed
with BLAST software (National Centre for Biotechnology Information, USA) to
prevent any non-specific binding and amplification. Primers specific for a

particular gene meeting all the requirements above were ordered via the IDT
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website and are shown in the table 2.2. Before use, primers were resuspended in

nuclease free water to the final concentration of 100 pM.

Table 2.2 Human primers designed for gPCR

Primer Sequence 5’3’
RANK Forward GCT GTA ACA AAT GTG AAC CAG GA
RANK Reverse GCC TTG CCT GTA TCA CAA ACT
CD115 Forward TCC CAG TGA TAG AGC CCA GT
CD115 Reverse CAG GGT CCA GTG AGG TGA TG
TRAP Forward GAC CAC CTT GGC AAT GTC TCT G
TRAP Reverse TGG CTG AGG AAG TCA TCT GAG TTG
Cathepsin K Forward TTG GAA GGG AGT TGG TGT G
Cathepsin K Reverse TGG GTG GAG AGA AGC AAA GT
PU.1 Forward TGC CCT ATG ACA CGG ATC TAT A
PU.1 Reverse GTA ATG GTC GCT ATG GCT CTC
MITF Forward CTT AAA AGC ATC CGT GGA C
MITF Reverse AGA CCC GTG GAT GGA ATA A
DCSTAMP Forward CCT TGC CAC TCC ACT AAG TGT
DCSTAMP Reverse CTC TGT GGT TGT TGC CAT CTG
OCSTAMP Forward GCT CCA GCG AAGACACGAC
OCSTAMP Reverse AGC CTG TAG TCT ATC CAT GCC
OSCAR Forward CGC TTG GAG ATT TGG ACT TTT CA
OSCAR Reverse GCA GCG GTAAAT TCCCCC TT
GAPDH Forward CAA GGC TGA GAA CGG GAA G
GAPDH Reverse GGT GGT GAA GAC GCC AGT
MMP9 Forward CAG TAC CGA GAG AAAGCC TATTT
MMP9 Reverse TAG GTC ACG TAGCCCACT T
NFATc1 Forward AGA ATT CGG CTT GCA CAG G
NFATc1 Reverse CTC TGG TGG AGA AGC AGA GC

2.3.2.4qPCR

Primers and cDNA were defrosted on ice. cDNA samples were diluted in RNase free
water to final concentration of 1 ng/pl. 1 pl of cDNA sample was added to the PCR
master mix (for 1 sample - 5 yl Power Sybr green dye (Invitrogen, 4367659), 3.8
pl RNase free water, 0.1 pl forward primer, 0.1 pl reverse primer). Samples were

run in duplicates. GAPDH was used as a housekeeping gene for normalisation.
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Nuclease free water was used instead of cDNA as a non-template control (NTC)
for each primer. Plates were sealed, centrifuged at 400g for 30 seconds, and run
with Applied Biosystems QuantStudio 7 Flex Real-time PCR system for 384-well
plates with the following cycle: 10 minutes at 95°C, 40 cycles for 15 seconds at
95°C, and 1 minute at 60°C.

2.4 Expression of SPM receptors at the protein level

2.4.1Immunohistochemistry

Isolated CD14* monocytes resuspended in complete a-MEM were plated on 8-well
glass-bottom chamber slides at 4x10° cells/well (400 pl; Ibidi, 80807) and
differentiated into fully mature osteoclasts in the presence of M-CSF, RANKL + TNF
for 10 days. After 10 days, media was removed, and cells were washed twice with
PBS. PBS was removed and cells were fixed with 300 pl of 2% formaldehyde
(diluted in distilled water; Sigma-Aldrich, F-8775) for 10 minutes at RT. Cells were
again washed twice with PBS and permeabilised with 300 pl of 0.1% Triton X-100
(diluted in PBS; Sigma-Aldrich, 9002-93-1) for 10 minutes on a shaker. Cells were
washed with PBS twice and blocked with 300 ul of 2% bovine serum albumin (BSA,
diluted in PBS; Sigma-Aldrich, A9418-100G) for 20 minutes on a shaker. Block
solution was subsequently replaced with 300 pl of primary antibody diluted in 2%
BSA (see table 2.3 for dilutions), and slides were incubated overnight in the dark
at 4°C on a shaker. Rabbit polyclonal antibodies were used for CMKLR1
(ThermoFisher Scientific, PA5-100933), FPR2 (ThermoFisher Scientific, 720367),
and LTB4R receptors (ThermoFisher Scientific, BS-2654R).

The next day, cells were washed twice with PBS and stained with 200 pl of
secondary antibody (goat anti-rabbit 1gG H&L (Alexa Fluor 647; ThermoFisher
Scientific, 31460) and phalloidin (acting ring staining, Alexa Fluor 488;
ThermoFisher Scientific, A12379) diluted in 0.2% BSA (see table 2.3 for dilutions).
Cells were incubating for 1h on a shaker in the dark and afterwards were washed
twice with PBS. 300 uM of DAPI nuclei staining solution (358/461 nm; ThermoFisher
Scientific, D3571) was added and slides were incubating on a shaker for 10
minutes. Afterwards, cells were washed with PBS, 300 pl of PBS was added to each
well, and slides were scanned with Nikon confocal microscope at 20x

magnification.
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Table 2.3 Antibodies used for immunohistochemistry with the used dilutions

Antibody Dilution
LTB4R 1:200
FPR2 1:250
CMKLRT1 1:100
Anti-rabbit antibody 1:1000
Phalloidin 1:500

2.4.2Western blot

After the cells were differentiated on a 96-well plate (section 2.1.1.4), media was
removed from the wells and cells were washed with PBS twice. 20 pl of
radioimmunoprecipitation assay (RIPA) buffer (ThermoFisher Scientific, 89900)
was applied per 1x10° cells (80 pl in total for 4 technical replicates) to lyse the
cells. Samples can be stored at -20°C until processed. 15 pl of sample lysate was
transferred into a new 1.5 ml Eppendorf tube and 4x NuPage lithium dodecyl
sulfate (LDS) sample buffer (Invitrogen, NP0O007) and 10x NuPage sample reducing
agent (Invitrogen, NP0004) were added to each tube. Afterwards, cells were
incubated at 95°C for 5 mins, and then moved to ice to cool down. A pre-casted
10-well gel (NUPAGE 4 to 12%, Bis-Tris, 1.0-1.5 mm, Mini Protein Gels; Invitrogen,
NP0321BOX) was rinsed with water and white tape was removed from the cassette.
Gels were assembled in a SureLock gel tank and 500 ml of running buffer (25 ml
of NUPAGE MOPS SDS running buffer 20x (Invitrogen, NP0001)) with 475 ml of
distilled water (dH.0) was added in between the gels. Before applying the
samples, the well forming comb was removed from the cassette. 35 ul of a sample,
which is the maximum for a 10-well gel, was loaded per well. One well was
reserved for the protein ladder; 7 pl of ladder was loaded (Precision Plus Protein
Dual Color Standards; Bio-Rad, 1610374). The gels were run with an
electrophotometer (BIO-RAD), first at 100V (until the samples crossed the well
barrier) and then the voltage was increased to 140V for 40 minutes or until the
samples reached the bottom of the well. The gel was then carefully moved to a
tank with dH,0 and transferred on a nitrocellulose membrane using the iBlot 2 gel
transfer device with dry transfer system (23V, 6 mins; Life Technologies).
Membrane was quickly transferred to a tank with dH;0O to prevent drying out and
blocked with 5% non-fat dried milk (milk) in TBST (1x Tris-buffered saline with
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0.1% Tween) for 1h on a shaker. After an hour, the solution was replaced with 7
ml of 5% milk in TBST with the correct dilution of primary antibodies (table 2.4)

and incubated on a shaker at 4°C overnight.

Next day, the membrane was washed 3x10 mins with TBST on a shaker at RT.
Secondary antibody was diluted in 5% milk in TBST, added to the membrane, and
incubated for 1h on a shaker at RT. Then, the membrane was washed 4x10 min in
TBST as before. Lastly, the membrane was covered in 2 ml of a chemiluminescent
substrate for 2-3 minutes (SuperSignal™ West Pico PLUS Chemiluminescent
Substrate, 1:1 ratio; ThermoFisher Scientific, 34577) and scanned with an imaging
system (Azure Biosystems). For applying another antibody/beta-actin control (B-
Actin (13E5) Rabbit mAb (HRP Conjugate); Cell Signaling Technology, 5125S) to
the same membrane, stripping buffer (Restore™ Western Blot Stripping Buffer;
ThermoFisher Scientific, 46430) was applied to the membrane for 10 minutes (on
a shaker, RT) to remove the primary and secondary antibodies. The membrane
was washed with TBST, blocked with 5% milk in TBST for an hour and the process

was repeated as before.

Table 2.4 Antibodies used for western blot with the used dilutions

Antibody Dilution
LTB4R 1:500
FPR2 1:500
CMKLRT1 1:1000
Anti-rabbit antibody 1:1000
Beta actin 1:2000

2.5 Flow cytometry for immunometabolic changes

2.5.1Harvesting cells

CD14* monocytes were isolated from PBMCs, plated on a 24-well flat-bottom plate
(5x10° cells/well) and differentiated to either macrophages or osteoclasts.
Differentiated cells were centrifuged (600g, 5 min, 4°C) and media was discarded.
Cold PBS was added to wash the cells, which was followed by another
centrifugation step. PBS was then removed, and ice-cold Accutase (STEMCELL

Technologies, 07920) was added to each well to detach the cells from the surface
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of the plate. Cells were incubated at 37°C for 10-12 minutes. Plates were
tapped/gently vortexed after 5-7 minutes of incubation. Supernatant was
collected and transferred into a V-bottom plate. Accutase was added one more
time and the process was repeated. Plates were centrifuged (400g, 5 mins, at 4°C
for enzymes or RT for metabolic dyes). Supernatant was discarded and cells were
washed in cold PBS for enzyme assays or warm PBS for metabolic dye assays and
centrifuged as before. Cells were resuspended in PBS and same conditions were

pooled together. Pooled samples were centrifuged and stained.

2.5.2Staining for metabolic dyes

Once cells were washed with warm PBS, 50 ul of master mix was added to each
well except the controls. For master mix, all the metabolic dyes were diluted in
warm PBS (table 2.5). The cells were then incubated at 37°C for 10 minutes.
Afterwards, cells were washed with cold PBS twice (600g, 5 min, 4°C). Next, 50
pl of antibody cocktail diluted in PBS was added per well as follows: OSCAR (1:25,
FITC; Miltenyi Biotec,130-107-617), FC block (1:100), Hoechst (1:500, DAPI
channel), CD16 (1:100, APC-Cy7; BD Biosciences, 557758), and live/dead dye
(1:1000, Zombie NIR; Biolegend, 423106). In case of unstained and single-stained
cells, 50 pl of PBS was added. Cells were resuspended and incubated at RT for 20
minutes protected from the light. Afterwards, cells were washed with PBS and
centrifuged as before. Cells were resuspended in FACS buffer and transferred into
FACS tubes. The data was acquired on a Cytek’s Aurora flow cytometer. Cell data
was unmixed using SpectroFlo version 3, and data was analysed using FlowJo

software.

Table 2.5 Summary of metabolic dyes used for flow cytometry

Dye Dilution Peak Company Cat. number

2-NBDG 1:100 B3 ThermoFisher N13195

Stock 10 mM Scientific
Bodipy C16 1: 100 000 B2 ThermoFisher D3821

Stock 10 mM Scientific

TMRM 1: 1 000 000 YG1 ThermoFisher M20036
Stock 5 mM Scientific

MitoTracker 1: 100 000 R2 ThermoFisher M22426
Deep Red (DR) Stock 1 mM Scientific
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2.5.3Staining for metabolic enzymes
2.5.3.1Live/dead staining

Unlike with metabolic dyes, which had to be applied to live cells, metabolic
enzymes were added after the cells were fixed. Prior to fixation, 50 pl of live/dead
staining (see table 2.6 for enzyme/antibody details) was added to each well
except for the controls, which were given 50 pl of PBS. Samples were resuspended
and incubated at 4 °C with an aluminium foil for 15-40 minutes. After the
incubation 150 pl of PBS was added to each well to wash the cells and the plate

was centrifuged (400g, 5 min, 4 °C).

2.5.3.2 Fixation of the cells

To fix the cells, PBS was removed from the wells and 100 ul/well of 2% para
formaldehyde in PBS (PFA) was added, cells were resuspended, and the plate was
incubated for 15 minutes in the dark at RT. Cells were washed with PBS,
centrifuged (400g, 5 min, 4°C), and 200 pl of FASC buffer (PBS with 2% FBS and
2 mM EDTA) was added to each well. Fixed cells were stored at 4°C in aluminium
foil until metabolic enzymes and antibodies were added. Fixed plates can be

stored under these conditions for up to 1 week.

2.5.3.3 Metabolic enzymes staining

Fixed cells were centrifuged (400g, 5 min, 4°C), washed with PBS, and centrifuged
again. 50 pl of CD16, OSCAR (table 2.6), and FC block (1:100) were added to each
well, except for the unstained and single-stained cells, which only contained a
particular antibody, not a combination of them. Cells were incubated for 20
minutes in the dark at RT. After the incubations, cells were washed with PBS. For
wells that included the biotinylated OSCAR antibody, Streptavidin-BV785 was
added, and the cells were incubated for another 20 minutes in the dark at RT. The

cells were then washed in PBS and centrifuged as before.

Prior to enzyme addition, cells were washed in 1X eBioscience™ permeabilization
buffer (ThermoFisher Scientific, 00-8333-56). Afterwards, 50 pl of enzyme cocktail
consisting of a combination of all enzymes, or individual enzyme for single-stained

cells (diluted in 1X permeabilization buffer, not PBS; table 2.6) was applied to the
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cells and cells were incubated for 2 hours at 4°C. Cells were then washed in
permeabilization buffer, resuspended in 100 pl of FACS buffer and transferred to
FACS tubes. Cells were acquired on a Cytek’s Aurora 5-laser spectral flow
cytometer, data were unmixed using SpectroFlo version 3, and analysed using

FlowJo software.

Table 2.6 Summary of metabolic enzymes and antibodies used for flow cytometry

Antibodies Fluorescence Excitation peak Dilution Company Cat. number
Glut 1 BSA/Azide free ab252403
Lightning link DL405 \/2 1:1000 Abcam ab210438
PKM BSA/Azide free ab206129
Lightning link PE YG1 1:1000 Abcam ab102918
SDHA BSA/Azide free ab240098
Lightning link AF647 R2 1:1000 Abcam ab269823
G6PD BSA/Azide free ab231828
Lightning link APC-Cy7 R7 1:5000 Abcam ab102859
CytC BSA/Azide free ab237966
Lightning link PE-Cy7 YG9 1:1000 Abcam ab102903
ACC1 BSA/Azide free ab272704
Lightning link AF488 B2 1:1000 Abcam ab236553
CPT1a BSA/Azide free ab235841
Lightning link PE-Cy5 YG5 1:1000 Abcam ab102893
CD16 bUV496 uv7 1:100  BD Biosciences 564653
OSCAR Biotin 1:25 Miltenyi Biotec 130-107-614
Streptavidin BV785 V15 1:400 Biolegend 405249
Live/Dead Zombie NIR R6 1:25 Biolegend 423106

2.6 Purity check for CD14* monocytes

2.6.1Cell preparation

Purity check was performed on a new CD14* isolation kit. Several conditions were
tested, namely unstained and stained PBMCs, stained negative selection, and
stained and unstained positive selection including isolated CD14* monocytes. For
the staining, 1x10° cells were transferred to a FACS tube and the volume was
topped to 1 ml with FACS buffer (PBS with 2% FBS, 2 mM EDTA). The tubes were
centrifuged at 350g for 5 min and supernatant was discarded. The cells were then
stained with the following antibodies: 20 ul of CD3 (BioLegend, 300408), 5 pl of
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CD19 (BioLegend, 302208), and 20 ul of CD56 (BioLegend, 318306) all in PE
channel, 10 pl of CD14 (PB channel; BD Biosciences, 558121), and 5 pl of CD16
(FITC; BioLegend, 302006) diluted in 500 pl of FACS buffer. Unstained cells
contained only 500 pl of FACS buffer. Tubes were centrifuged (350g, 5 min),
supernatant was discarded, cell pellets were resuspended in 250 pul of fixation
buffer (BioLegend, 420801), and incubated at 4°C for 20 minutes. Cells were
washed with FACS buffer, centrifuged as before, and resuspended in 350 pl of

FACS buffer. Cells were then stored on ice until they were acquired.

2.6.2Compensation beads preparation

Compensation controls were stained similarly to cells (section 2.6.1), but instead
of cells, compensation beads (Invitrogen,15385356) were used. 1 drop of beads
was applied to each tube and resuspended in 100 pl of FACS buffer. Similarly as
with the cell staining, CD3, CD56 and CD19 (PE channel) were added to 1 tube,
CD14 (PB) to another tube, and CD16 (FITC) to the third tube. The tubes were
vortexed and incubated for 30 minutes at RT, protected from light. After the
incubation, 2 ml of FACS buffer was added to each tube and the tubes were
centrifuged at 200g for 10 minutes. Supernatant was discarded and stained beads
were resuspended in 300 pl of FACS buffer and stored on ice. Cells and
compensation beads were subsequently acquired on the BD FACSCanto Flow

cytometry machine (BD BioSciences).

2.7 Additional metabolic assays

2.7.1MitoSox

For MitoSOX assay, isolated CD14* monocytes were plated on 8-well glass bottom
chamber slides at 4x10° cells/well (400 pl; Ibidi, 80807), and differentiated into
osteoclasts in the presence of M-CSF, RANKL +TNF and SPMs (see section 2.1.1.4).
Afterwards, media was discarded and cells on slides were washed with warm PBS.
400 pl of MitoSOX master mix (PBS, 5 uM MitoSOX dye (Invitrogen, M36008) and 4
MM Hoechst 33342 nuclei staining (stock=16.2 mM; Invitrogen, H3570)) was added
to each well. Two controls were used, i.e., Menadione as a positive control (2-
Methyl-1,4-naphthoquinone, 98%; fisher scientific, A13593) and Mito-TEMPO as a
negative control (MedChemExpress, HY-112879). 50 uM of Menadione (0.0172g of
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Menadione in 2 ml of methanol) was added to MitoSOX master mix in one control
well while 100 pM of Mito-TEMPO (10 mM stock) was added to the other control
well. The slide was incubated for 10 minutes at 37°C. Afterwards, the cells were
washed twice with warm PBS, which was then replaced with sufficient volume of
warm complete a-MEM media. The slides were then imaged with Nikon confocal
microscope (MitoSOX - AF 555 nm, Hoechst - 460-490 nm). Results were analysed
with a MitoSOX pipeline created by Leandro Lemgruber Soares from the College of

Medical, Veterinary & Life Sciences imaging facility, using CellProfiler software.

2.7.2ATP assay

The adenosine triphosphate (ATP) assay was conducted using a luminescent ATP
detection kit (ATPlite 1step, PerkinElmer, 6016731). Isolated monocytes were
differentiated in triplicates into osteoclasts on a 96-well plate as before (section
2.1.1.4), however, 4 additional conditions in triplicates (as discussed below) were
added for controls. 10 ml of substrate buffer solution was added to lyophilised
substrate solution (provided in the kit) and left at room temperature for 30
minutes. In the meantime, the controls were prepared. 10 mM and 100 mM of Alfa
Aesar 2 Deoxy D-glucose (2DG, 98%, 2M stock; Fisher Scientific, 11321867), which
is a glycolysis inhibitor, 1 uM oligomycin from Streptomyces Diastatochromogenes
(5 mM stock; Sigma-Aldrich, Q4876-5MG), an oxidative phosphorylation inhibitor,
or a combination of oligomycin with 100 mM 2DG were used. The plate was
incubated for 30-40 minutes at 37°C (making sure not to exceed 40 minutes). After
the incubation, 50 pl of the prepared ATPlite mix was added to each well and the
plate was incubated on a shaker for 5-10 minutes at RT protected from light.
Finally, 100 pl of supernatant from each well was transferred to a special 96-well
ATP assay white-bottom plate (cell culture microplate, 96-well, PS, F-bottom;
Greiner bio-one, 655083). The plate was immediately read on a Pherastar machine

using the luminescence method via the Pherastar software.

2.7.3Seahorse for Mito Stress assay
2.7.3.1Plate and cartridge preparation

Cell-Tak solution was prepared (0.02 mg/ml of Corning™ Cell-Tak Cell and Tissue
Adhesive (Fisher Scientific, 10217081) in 0.1 M NaHCO3) with a pH between 6-8
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and 25 pl was added to each well of a Seahorse plate (XFe96/XF Pro Flux Pak;
Agilent Technologies, 103792-100). The plate was incubated at RT for 30 minutes,
washed twice with distilled water and allowed to air-dry. The plate can be left at
RT overnight or it has to be prepared at least 2 hours before plating the cells. In
addition to plate preparation, the cartridge (part of Seahorse FluxPaks) was
hydrated by adding 200 ul of Seahorse calibrant per well (Agilent, 100840-000).
The hydrated cartridge was wrapped in parafilm and put in an incubator overnight
at 37°C (no COy).

2.7.3.2Cell preparation

Isolated CD14* monocytes were plated on a 96-well Seahorse plate at 1x10°
cells/well. The wells on the sides had only media with no cells in them. For a
calibration curve, which was used for the normalisation of the cell count, cells
were also plated on a regular 96-well plate. For normalisation, cells were diluted
in complete media at 5x10° cells, from which 200 pl was transferred in the first
two wells (A1, A2), while the other wells B1,B2 - H1,H2 were filled with 100 pl of
complete media. Serial dilutions were made by adding 100 pl from the first well
to the well below (B1, B2), and then from B wells to C wells until H1 and H2 wells
to reach the concentration between 500,000 cells/well to 3,906 cells/well. The
plate was incubated under the same conditions as the Seahorse plate at 37°C with
5% COx>.

2.7.3.3 Seahorse analysis preparation

50 ml of Seahorse media (no serum; Agilent Technologies, 102353-100) was
supplemented with 4 mM glutamine, 5.5 mM glucose, 1 mM
penicillin/streptomycin and 1 mM sodium pyruvate (Gibco, 11360070), with a pH
of 7.4. Cell media was gently removed from each well and replaced with 175 pl of
supplemented Seahorse media. The cells were incubated at 37°C for 45-60
minutes (no CO;). While the cells were incubating, necessary drugs for the
measurement were prepared. 25 pl of each drug was injected into a suitable port
as follows: oligomycin (1.5 pM; Sigma-Aldrich, 04876-5MG) was injected into port
A, Carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 1 pM; Sigma-Aldrich, C2759)

was injected into port B, and a combination of rotenone (1 pM; Sigma-Aldrich,
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R8875) and antimycin A (1.25 pM; Sigma-Aldrich, A8674) was injected into port C.

The cartridge was then incubated for 15 minutes at 37°C with no COx,.

2.7.3.4Seahorse measurement

For the analysis, the Seahorse cartridge plate with injected drugs was inserted
into the Seahorse machine (Seahorse XF Pro Analyzer) without the lid and the
calibration was done. After the calibration, the plate with cells was taken out of
the incubator and loaded into the machine without the lid, and the run was

performed.

2.7.3.5Fixing cells and SRB assay

After the run was finished, cells were fixed with 25 pl (for Seahorse plate) or 12.5
Ml (for calibration control for cell normalisation) of cold 50% w/v trichloroacetic
acid (TCA; Sigma-Aldrich, 91228), which was added straight into the media, and
incubated at 4°C for an hour. The wells were washed 4 times with running water
and air dried at RT. 50 pl of 0.057% w/v of sulforhodamine B sodium salt (SRB;
Sigma-Aldrich, $1402) solution (0.2 g of SRB dissolved in 50 ml of 1% acetic acid)
was added to each well and the wells were incubated at RT for 30 minutes. The
plates were washed 4 times with 200 ul of 1% acetic acid and air dried at RT. 100
pl of 10 mM TRIS base solution (pH=10.5) was then added to every well and the
plate was put on a shaker for 10 minutes. Finally, the absorbance was measured
at 510 nm.

2.7.3.6 Seahorse analysis

The data was analysed with Seahorse Wave software and normalised with the cell
count from the calibration plate based on the absorbance data after the SRB

staining.

2.8 Graphs and statistical analysis

All graphs and their statistical analyses were generated either in Rstudio with
appropriate packages (listed below) or in GraphPad Prism 9. Normality test was
performed for t-tests in order to know whether the data is normally distributed -

parametric (Gaussian distribution) or non-parametric. For the statistical analysis,



73

95% confidence intervals were used and p-values of <0.05 were considered
significant. Graphs generated in Rstudio from RNAseq datasets used adjusted p-
value generated and normalised by “DESeq2” package. Other packages used in
Rstudio included “ggplot2”, “reshape2”, “amap”, “dplyr”, “org.Hs.eg.db”,
“clusterProfiler”, “readr”, “pathview”, “readxl”, “tidyverse”, “data.table”, and
“BiocManager”.
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Chapter 3 The expression of SPM receptors on
osteoclasts and their precursors in health and

rheumatoid arthritis

3.1 Introduction

Specialised pro-resolving mediators (SPMs) are a class of lipids generated during
an early stage of acute inflammation (Abdolmaleki et al., 2019). They are
produced from polyunsaturated fatty acids by a series of enzymatic reactions
(Krishnamoorthy et al., 2018) and consist of 4 groups, namely resolvins (Rv; E- or
D- series), maresins (MaR), protectins (PD), and lipoxins (LX) (Flak et al., 2019).
SPMs act via specific G protein-coupled receptors (GPCRs) to produce anti-
inflammatory and pro-resolving signals necessary for the resolution of
inflammation. This involves reduced platelet and macrophage activation, lower
neutrophil activation and recruitment, and enhanced macrophage phagocytosis
(Cash et al., 2014). They mainly act via 8 GPCRs; namely formyl peptide receptor
2 (FPR2; also known as ALX/FPR2), leukotriene B4 receptor (LTB4R; other name
BLT1), chemerin receptor 23 (ChemR23; also known as ERV1 or CMKLR1), GPR37,
Leucine-rich repeat-containing GPCR 6 (LGR6), GPR32 (known as DRV1), GPR18
(known as DRV2), and GPR101 (Bang et al., 2018; Flak et al., 2019; Hughes et al.,
2021; Park et al., 2020). Each SPM receptor interacts with various SPMs and these

interactions have a range of affinities (figure 3.1).

It has been shown that the absence of SPMs or the impairment of SPM-receptor
signalling can contribute to chronic inflammatory disorders (Serhan & Levy, 2018).
Therefore, targeting SPM receptors with their SPM ligands revealed their
importance as therapeutic agents. Notably, in humans and in preclinical animal
studies they were able to prevent inflammation, organ fibrosis, reduce pain,
promote tissue regeneration, and wound healing (Chiang & Serhan, 2017). It also
should be appreciated however, that most SPMs have no known receptor and thus
further studies are needed in order to identify these receptors and characterise

related signalling pathways (Chiurchiu et al., 2018).
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Figure 3.1 SPM receptors and their ligands.

The figure shows multiple specialised pro-resolving mediators biosynthesised from omega-3
(docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA)), docosapentaenoic acid (DPA) or
omega-6 (arachidonic acid (AA)) fatty acids and their known receptors, namely GPR101, GPR18,
GPR32, ALX/FPR2, CMKLR1, LTB4R, LGR6, and GPR37. All SPMs act as agonists except RvE1, RvE2
and MaR1, which also act as antagonists to LTB4R receptor and block its pro-inflammatory
signalling pathways (shown in red). MaR1 binds ALX/FPR2 receptor with lower affinity compared
to LGR6 receptor (dashed line).

The main emphasis of this work is on rheumatoid arthritis (RA), however, other
inflammatory autoimmune diseases (systemic lupus erythematosus (SLE) and
systemic sclerosis (S5c)) are included as relevant comparators. These diseases are
complex and of unknown origin. Yet, it is accepted that genetics and/or
environmental factors play a role in disease initiation, and that hormonal and
immunological factors contribute to initiation and perpetuation (Aliko et al.,
2011). RA is characterised by inflammation of synovium (lining of the joints) and
bone erosion, which leads to further joint deformities, cartilage destruction, and
associated disability (Tsukasaki & Takayanagi, 2019; Scherer et al., 2020). The
cells responsible for bone loss in RA are multinucleated (3 or more nuclei) bone-
resorbing osteoclasts, which are created by fusion of their mononuclear
precursors. The classical mononuclear precursor is the bone marrow or peripheral
blood monocyte (Muto et al., 2011), however, osteoclasts can also be
differentiated from dendritic cell (DC) precursors (pre-DCs) (Wang et al., 2021) or
macrophages (Bhagavatham et al., 2021).

Circulating monocytes play an important role in RA and their phenotype differs

from monocytes in healthy individuals. Previous research has shown that
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circulating monocytes in RA display higher levels of pro-inflammatory cytokines
(e.g. TNF, IL-6 or IL-1) and are primed to become inflammatory macrophages
(McGarry et al., 2021). Additionally, monocyte levels are enhanced in RA and
positively correlate with the disease activity. For instance, CD14** CD16
monocytes differentiate into osteoclasts and cause bone erosion while CD14**
CD16* monocytes release pro-inflammatory cytokines, which further contribute to

osteoclastogenesis (Rana et al., 2018).

This chapter focuses on bioinformatic analysis to define the altered transcriptional
pathways in RA. It investigates the expression of SPM receptors in RA monocytes
in comparison to other related inflammatory autoimmune diseases, i.e., SLE and
SSc, and healthy individuals. It also evaluates the SPM receptor expression in
osteoclasts differentiated from monocytes or pre-DCs due to variations in their
phenotype. Lastly, SPM receptor expression was further confirmed at the protein

level in osteoclasts and their precursors.

3.2 Results

3.2.1CD14* monocyte transcriptional profiles

CD14* monocyte RNAseq data from both healthy individuals and RA patients was
already available in the Goodyear laboratory (Woolcock, 2022). A re-analysis was
undertaken to determine the overall transcriptional profiles and differential
changes between the groups. Notably, differential transcripts were filtered based
on their significance i.e., adjusted p-value lower than 0.05 and the absolute value
of log2 fold change higher than 1. This enabled the selection of both upregulated
(log2fold>1) and downregulated (log2fold<1) genes. A total of 3,031 differentially
expressed genes were identified between RA vs healthy, from which 1,114 were

downregulated and 1,917 genes were upregulated in RA (table 3.1).

Table 3.1 Overall gene expression in RA

Expression Number of genes
Downregulated 1,114

Unchanged (Non-Significant) 2,1536
Upregulated 1,917
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Within the significantly upregulated genes, some of those with most increased fold
changes were TNF, CCL4, CCL4L2, NFKB2, PTX3 or CCRL2 (figure 3.2 A), with TNF
(the major pro-inflammatory factor in RA) being the most expressed (figure 3.2
B).
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Figure 3.2 The most differentially expressed genes in RA vs healthy monocytes.

A - 10 most upregulated and 10 most down-regulated genes in RA samples compared to healthy
individuals were labelled. Upregulated genes in RA compared to healthy are in the positive values
and downregulated genes are in the negative values on the log:fold x-axis. 3 different ranges of
significance were applied with significant genes shown in green (p.adj <0.05 and >0.01), more
significant shown in blue (p.adj <0.01 and >0.001), and most significant shown in purple (p.adj
<0.001). Non-significant genes are shown in yellow. B - Boxplots for most expressed genes (p.adj
<0.001) in RA (red) based on the volcano plot compared to healthy individuals (HC, green).

To understand potential implications of these observed changes, signalling
pathway analysis using the KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway database was undertaken. This revealed a number of pathways with
varying degrees of identified gene contribution and significance. Of the top 25
upregulated pathways in RA, the most enriched was the cytokine-cytokine
receptor interaction pathway (figure 3.3). Other interesting pathways included

MAPK (mitogen-activated protein kinase) signalling pathway, TNF signalling
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pathway, IL-17 signalling pathway, nuclear factor kappa B (NF-kB) signalling
pathway, RA, and osteoclast differentiation. Interestingly, interaction mapping of
the identified pathways suggests a direct link between osteoclast differentiation,
MAPK signalling pathway, IL-17 signalling pathway, and c-type lectin receptor
signalling pathway (figure 3.3 B). As noted above, the contribution of the
identified genes differed across the various signalling pathways. To understand
the contribution of genes to each of the pathways, they were visualised in KEGG
pathway diagrams (Figure 3.4), revealing the inter-linked nature of the changes
right across the signalling cascades. For instance, in the osteoclastogenesis
pathway there is perturbation in both the extra-cellular, cytoplasmic and nuclear
compartments (figure 3.4 F). Taken together this suggests that multiple pathways
related to inflammation and osteoclastogenesis are potentially perturbed in RA,
which is consistent with our prior understanding of drivers of the disease (Auréal
et al., 2020; Fennen et al., 2016).
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Figure 3.3 Upregulated signalling pathways in RA CD14* monocytes.

A - A dotplot showing 25 most upregulated KEGG signalling pathways of all the upregulated genes
in RA vs healthy monocytes. B - An Emapplot showing interactions between the signalling pathways
showed in the dotplot. The bigger the dot, the more genes are involved. Red - more significant,
blue - less significant based on the p.adj value.
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Figure 3.4 Selected upregulated inflammatory pathways in RA CD14* monocytes.

Selected upregulated pathways were rheumatoid arthritis (A), NF-kappa B signalling (B), TNF
signalling (C), IL-17 signalling (D), MAPK signalling (E), and osteoclast differentiation (F).
Upregulated RA genes are shown in red.
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3.2.2S5PM receptor expression on monocytes and osteoclasts at the

transcript level

Having revealed that there is an altered transcriptional profile in RA monocytes,
a focused analysis was performed to evaluate expression of the main SPM
receptors. However, this analysis was not restricted to healthy individuals and RA
but also included samples from patients with systemic lupus erythematosus (SLE),
diffuse cutaneous SSc (dcSSc), early SSc (eaSSc), and limited cutaneous SSc
(lcSSc)). SLE and SSc were added as similarly to RA they are autoimmune,
inflammatory diseases, and the presence of SPM receptors on monocytes from
these diseases could indicate a plausible anti-inflammatory/pro-resolving effect
of various SPMs. However, these diseases are not the main interest of this study

and therefore are not further studied in this thesis.

RNAseq analysis revealed that of the 8 studied GPCR SPM receptors, only 5 had
detectable transcripts in CD14* monocytes obtained from either healthy or those
with an autoimmune inflammatory condition. These were GPR18, CMKLR1, FPR2,
LTB4R and LGR6, while GPR32, GPR101, and GPR37 transcripts were not
expressed. More specifically, LTB4R was the most expressed and was followed by
FPR2, CMKLR1, GPR18 and LGR6, which had the lowest expression values across

healthy and diseased monocytes and was barely expressed (table 3.2).

Table 3.2 SPM receptor expression on healthy and diseased monocytes
Mean of normalised counts for SPM receptor expression on healthy monocytes (HC) compared to
monocytes from RA, SLE and patients with SSc, namely dcSSc, eaSSc, and lcSSc.

HC RA SLE dcSSc eaSSc lcSSc
CMKLR1 910.35 518.87  1206.09 898.20 916.71 1135.59
GPR18 46.35 92.09 87.94 61.72 57.3 57.14
FPR2 1270.92  2737.30 2734.74 2186 1870.93 1939.96
LTB4R | 3281.38 3832.96 3055.94  3451.07 3051.95 3324.33
LGRé6 6.63 6.33 7.08 3.04 10.77 10.62

The expressed SPM receptors were further visualised using heatmaps (figure 3.5)
and boxplots (figure 3.6). GPR18 and FPR2 showed significantly higher expression
in RA compared to healthy monocytes (figure 3.6 A, B). LTB4R was also slightly



84

more expressed in RA than in healthy, however, the difference was not significant
(figure 3.6 D). In contrast, CMKLR1 was significantly more expressed in healthy
monocytes (figure 3.6 C). LGR6 was similarly expressed in healthy and RA
monocytes and no significant difference was observed (figure 3.6 E). Additionally,
GPR18 also showed a significant difference between SLE and healthy, while FPR2
exhibited significant increase in SLE and dcSSc compared to healthy (figure 3.6 A,
B).
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Figure 3.5 Heatmap of the SPM receptor expression on monocytes in health and RA.

RNAseq data analysis of expressed SPM receptors, namely LGR6, CMKLR1, FPR2, GPR18, and LTB4R
SPM receptors in healthy donors (HC, n=15), rheumatoid arthritis (RA, n=9), systemic lupus
erythematosus (SLE, n=9) and different types of systemic sclerosis (SSc), namely diffuse cutaneous
(dcSSc, n=9), early (eaSSc, n=9), and limited cutaneous SSc (lcSSc, n=10). Red values - high
expression, blue values - low expression. Ligands of individual SPM receptors (MaR1, RvE1, 17-
HDHA, RvD1, and RvD2) are shown as well.
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Figure 3.6 SPM receptor expression on monocytes in different conditions.

Violin plots for GPR18 (A), FPR2 (B), CMKLR1 (C), LTB4R (D), LGR6 (E) genes with their adjusted p
value (calculated with DESeq2 package in Rstudio; p<0.05 is considered significant) are shown for
monocytes from diffuse cutaneous systemic sclerosis (dcSSc), early systemic sclerosis (eaSSc),
limited cutaneous systemic sclerosis (lcSSc), rheumatoid arthritis (RA), and systemic lupus
erythematosus (SLE) compared to healthy monocytes.

As previously mentioned, KEGG pathway analysis showed an involvement of
upregulated RA genes in monocytes in osteoclast differentiation pathway. CD14*
monocytes, which are important osteoclast precursors, have been shown to have
different phenotypes in RA and healthy individuals, where RA monocytes are
metabolically reprogrammed to induce pro-inflammatory signals, which are
important for RA onset (McGarry et al., 2021). RA and healthy monocytes also
respond differently to TNF (Ansalone et al., 2021), which is the most upregulated
gene in RA monocytes (figure 3.2) and is also an important factor in osteoclast
differentiation. Therefore, pre-existing RNAseq data from osteoclasts derived
from monocytes (mo_OCs) or dendritic cell precursors (dc_OCs) was assessed for
SPM receptor expression (data generated in the Goodyear laboratory by Cecilia
Ansalone). The SPM receptor expression in osteoclasts was also compared to
monocytes, to investigate whether the SPM receptors expressed in monocytes are
preserved throughout the differentiation into osteoclasts. The aim of this
experiment was to determine the presence of SPM receptors, which is crucial for

assessing the optimal timing for the SPM addition (effects of SPMs are studied in
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chapter 4), either during the osteoclast precursor state (monocytes) or after they

mature into osteoclasts.

The receptor expression compared on healthy monocytes, mo_OCs, and dc_OCs,
suggested much higher expression of LTB4R, FPR2Z and CMKLR1 receptors on
monocytes rather than on osteoclasts (338-fold, 90-fold, and 10-fold,
respectively), with a higher expression on mo_0OCs than on dc_OCs. FPR2 was not
expressed on dc_OCs at all. GPR18 receptor was similarly expressed in monocytes
and osteoclasts differentiated from both, monocytes, and DC precursors, although
the expression of GPR18 was relatively low. LGR6 receptor was not expressed on
osteoclasts at all (figure 3.7 A, table 3.3). Therefore, based on the SPM receptor
expression, further work was focused on CMKLR1, FPR2 and LTB4R receptors, as
they all have multiple ligands and are highly expressed on healthy and RA
monocytes. Receptors GPR18 and LGRé6 were not further analysed as LGR6 was not
expressed on osteoclasts and was barely expressed on monocytes, and GPR18 only

had one ligand (RvD2), which was not the main interest of this thesis.
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Figure 3.7 SPM receptor expression on healthy monocytes and osteoclasts.

A - Heatmap of 4 expressed SPM receptors, namely LTB4R, GPR18, FPR2 and CMKLR1 on healthy
monocytes (n=15), monocyte-derived osteoclasts (mo_OCs; n=4), and osteoclasts differentiated
from dendritic cell precursors (dc_OCs; n=4). Red values - high expression, blue values - low
expression. B - Boxplots showing normalised expression of SPM receptors, namely LTB4R, LGR6,
GPR18, FPR2, and CMKLR1 on monocytes (mo, green; n=15), monocyte-derived osteoclasts
(mo_0OC, blue; n=4), and dendritic cell precursor-derived osteoclasts (dc_OC, yellow; n=4). Dots
represent individual donors. Error bars show mean+SD.
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Table 3.3 SPM receptor expression on monocytes and osteoclasts

Mean of normalised counts for SPM receptor expression on healthy monocytes (mo) compared to
healthy monocyte-derived osteoclasts (mo_0OCs) and dendritic cell precursor-derived osteoclasts
(dc_0Cs).

Receptor Mean of mo Mean of mo_0OCs Mean of dc_OCs
GPR18 46.35 44.08 52.03
FPR2 1270.92 3.76 0
CMKLR1 910.35 90.79 5.42
LTB4R 3281.38 36.14 20.40
LGRé6 6.63 0 0

3.2.3The expression of LTB4R is significantly different in RA and

healthy monocytes and osteoclasts at the protein level

To understand whether the transcript levels correlate with protein expression,
CMKLR1, FPR2 and LTB4R were assessed via western blot. Therefore, in order to
investigate the expression of these SPM receptors at the protein level, BCA assay
was conducted prior to western blot to acquire the absorbance of all the samples
at 570 nm in order to quantify the overall amount of protein in all the samples
and to ensure that cells from different donors were applied to the gel at the same
concentration (figure 3.8). All the quantified samples were then diluted with RIPA
buffer to match the final concentration of the monocytes, which had the lowest
overall protein concentration. Monocytes were not further diluted as their
concentrations were similar and were already relatively low. Moreover, beta-actin
was used as a protein loading control to ensure the same amount of protein was

loaded, and all the samples were normalised according to the B-actin control.
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Figure 3.8 BCA assay

A - BCA standard curve at 570 nm absorbance. B - A graph showing concentration for monocyte
(mo), macrophage (M), and osteoclast (MR) samples from healthy (HC) and RA donors. RA samples
are shown in red, while healthy samples are shown in green.

Western blots showed the expression of CMKLR1, FPR2 and LTB4R SPM receptors
with 4 RA and 5 healthy CD14* monocytes samples. Based on the B-actin, one RA
sample (RA2) was excluded as no B-actin band was visible on the western blot
membrane. Overall, LTB4R receptor was significantly more expressed in healthy
compared to RA monocytes, while CMKLR1 and FPR2 receptors were similarly
expressed (figure 3.9). Notably, this does not correlate with the expression at the
transcript level evaluated with RNAseq, which showed higher expression of FPR2
in RA, CMKLR1 in healthy, and comparable expression of LTB4R in healthy and RA
monocytes; discussed later. However, the expression of B-actin was not uniform
in all the samples, therefore quantification of the expression levels of the SPM
receptors is not as reliable.
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Figure 3.9 SPM receptor expression at the protein level in healthy and RA CD14* monocytes.
A - Western blot showing the expression of 3 SPM receptors (LTB4R, CMKLR1, FPR2) together with
2 B-actin controls. 2 gels were run in parallel, therefore 2 B-actin controls were used, 1 for LTB4R
and the other for CMKLR1 and FPR2. The results were normalised to B-actin based on the intensity
of the bands analysed by ImageJ. B - An average of the band signal intensity for all the RA and
healthy samples normalised to B-actin. RA samples are shown in red, healthy samples are shown
in green. Significance is shown with an asterisk (**p<0.005; unpaired t-test). Error bars show
mean+SD (nra=3, nuc=4).
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The expression of these 3 SPM receptors at the protein level was also investigated
on macrophages and osteoclasts. These samples were diluted to match the
concentration of monocytes, in order to be able to compare the expression on
osteoclasts to the SPM receptor expression on their precursors. CMKLR1 receptor
was on average (5 healthy and 3 RA donors) similarly expressed in macrophages
and osteoclasts, and in healthy compared to RA cells. FPR2 expression was
comparable between healthy and RA samples and was slightly higher in osteoclasts
than in macrophages, although this was not significant. Lastly, LTB4R was more
abundant in healthy compared to RA, with significantly higher expression in
healthy osteoclasts. Additionally, its overall expression was more pronounced in

macrophages rather than in osteoclasts (figure 3.10 A, B).
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Figure 3.10 SPM receptor expression at the protein level in healthy and RA macrophages and
osteoclasts.

A - Representative image of a western blot showing the expression of 3 SPM receptors together
with 2 B-actin controls (one for CMKLR1, and one for LTB4R and FPR2 as they were run on 2
separate gels) on RA and healthy (HC) macrophages (M) and osteoclasts (MR). B - Graphs showing
average signal intensities for CMKLR1, LTB4R, and FPR2 in healthy (green) and RA (red)
macrophages (M) and osteoclasts (MR). Significance is marked with an asterisk (*p<0.05; unpaired
t-test) and ns means non-significant difference. All the band intensity values are normalised to
beta-actin. Error bars show mean+SD (nra=3, nuc=5).
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In summation, at the protein level, LTB4R was significantly more expressed in
healthy compared to RA monocytes and osteoclasts. CMKLR1 and FPR2 were

similarly expressed in RA and healthy monocytes, macrophages and osteoclasts at
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the protein level. Additionally, LTB4R was most expressed in macrophages, FPR2
expression showed the highest expression on osteoclasts, and CMKLR1 was
similarly expressed in different cell types (figure 3.11). Notably, the SPM receptor
expression at the protein level was in contrast with the RNAseq data, where
CMKLR1 was more expressed in healthy monocytes, FPR2 in RA monocytes, and
LTB4R was similarly expressed. Additionally, the expression of these SPM receptors
was more pronounced in monocytes compared to osteoclasts at the transcript
level, while at the protein level, LTB4R and FPR2 were more expressed in
differentiated cells. Notably, the levels of B-actin were variable between the
samples, thus the quantification is a limitation of this experiment. However, the
main purpose of this experiment was to confirm the presence of the SPM receptors

on osteoclasts and their precursors.
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Figure 3.11 Summary of the LTB4R, FPR2 and CMKLR1 SPM receptor expression in monocytes,

macrophages, and osteoclasts in RA and health.

Graphs showing average signal intensities for LTB4R, CMKLR1, and FPR2 in RA (red) and healthy (green)
monocytes (mo), macrophages (M), and osteoclasts (MR). Significance is marked with an asterisk (*p<0.05,
**p<0.005; unpaired t-test), while ns means non-significant difference. All the band intensity values are
normalised to beta-actin. Error bars show meanzSD.

Lastly, after observing the expression of the SPM receptors at the transcript level
and via western blot at the protein level, immunohistochemistry (IHC) was
performed. It is important to note that IHC is not a quantitative method and these
experiments for different healthy or RA donors were not conducted at the same
time. As a result, comparisons between healthy and RA donors cannot be made
due to variations in microscope settings, however different conditions
(macrophages vs osteoclasts) within the same donor for the same antibody can be
compared. Notably, no positive controls were included in this experiment,
therefore, it cannot be proved that primary antibodies are not binding non-
specific proteins (mainly given their unexpected cytoplasmic localisation).
However, this experiment was conducted just to confirm the presence of LTB4R,
FPR2 and CMKLR1 on macrophages (3.12 A) and osteoclasts (3.12 B). In conclusion,
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the presence of all 3 SPM receptors was observed on healthy and RA macrophages
and osteoclasts (healthy donor not shown due to similarity to RA donors, thus, only

images from 1 representative RA donor are shown; figure 3.12).

M (negative control) CMKLR1 FPR2 LTB4R

Figure 3.12 SPM receptor expression on macrophages and osteoclasts at the protein level with
IHC.

Representative IHC images (n=1) of CMKLR1, FPR2 and LTB4R receptors in RA expressed on A -
macrophages, i.e., only in the presence of M-CSF (M) and B - on osteoclasts, i.e., in the presence
of M-CSF and RANKL (MR) with negative controls (20x magnification; scale bar = 33 pm). Yellow -
actin ring (Phalloidin), blue - nuclei (DAPI), magenta - expressed receptor.

3.3 Discussion

This chapter focused on assessing SPM receptor expression on osteoclasts and their
precursors in health and RA. This was important as currently there is only limited
research on SPM receptors, especially when it comes to primary human cells and
osteoclasts. Understanding the expression of these receptors on osteoclasts and
their precursors can inform not only about which signalling can be modulated via
the addition of specific SPMs but also the right timepoint for their stimulation,

which will be further evaluated in chapter 4.

Analysis of RNAseq data revealed that certain SPM receptors were expressed in
both osteoclasts and their precursors, while some were only expressed in
monocytes (e.g., LGR6), and some were not expressed on either cell type at all

(e.g., GPR32). Therefore, it can be speculated that stimulation of the expressed
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SPM receptors with specific SPMs could potentially modulate osteoclast
differentiation. Many SPM receptors act in a promiscuous manner, which
essentially means they can be activated by various ligands. For example, FPR2
receptor can not only interact with RvD1 and LXA4 but can also bind anti-
inflammatory annexin-1 or serum amyloid A, which is essential in tracking
inflammation (Wang & Colgan, 2017). Similarly, CMKLR1 binds RvE1 and/or
chemerin, and LTB4R binds RvE1, RvE2, and LTB4 (Serhan, 2020). This thesis shows
that the selected SPM receptors are expressed in healthy and RA monocytes, as
well as in monocytes from patients with other rheumatic diseases like SSc and SLE.
The expression of FPR2 was significantly more expressed in dcSSc and SLE
monocytes compared to healthy monocytes, while the expression of all 3 SPM
receptors (CMKLR1, FPR2, and LTB4R) was relatively high in SSc and SLE.
Therefore, there is a possibility that the contribution of SPMs via the expressed
SPM receptors in disease pathogenesis could be beneficial not only in RA, but also
in SSc and SLE. However, as the main focus of this work is on RA, and SSc and SLE
were beyond the scope of this thesis, future studies are needed to explore the
effect of SPMs in these diseases. This analysis was also necessary to understand
the expression of SPM receptors, which might provide insights into potentially
active pathways following SPM signalling in healthy individuals and in patients with
RA, as the receptor expression varies in different settings. For example, based on
these data, SPMs binding CMKLR1 may work better in healthy individuals as
CMKLR1 is more expressed in healthy monocytes, while the SPMs binding FPR2
receptor might have a higher impact in RA patients. The effect of SPMs on

osteoclast differentiation and function will be tested in chapter 4.

Consistent with data from the literature, pathway analysis of upregulated genes
in RA monocytes highlighted the bone destruction/damage typical for the disease
pathology. Some of the upregulated pathways in RA compared to healthy
monocytes involved NF-kB pathway, TNF signalling, IL-17 signalling, MAPK
signalling, RA, and osteoclast differentiation, which are all linked to inflammation
and osteoclastogenesis. These pathways are interesting as there is a lot of overlap
and potential cooperation with each other, and it is necessary to understand their
actions in order to be able to attenuate them. The osteoclast differentiation
pathway was the main interest of this study. This pathway involved a number of
upregulated RA genes like TNF, M-CSF, IL-1, NFkB1, NFkB2, IkB, PU.1 or PPaR
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gamma, from which TNF was the most upregulated. The osteoclast differentiation
pathway was also linked with several other pathways like PI3K/Akt, MAPK, NF-kB,
JAK/STAT and calcium signalling pathways. Some of these genes and pathways are
also associated with the SPM signalling and are necessary for osteoclast
differentiation, bone resorption and inflammation. For example, RvE1 activates
PI3K/Akt pathway, and together with MaR1 blocks MAPK, ERK (extracellular signal-
regulated kinase), and NF-kB signalling pathways, thus contributes to the
resolution of inflammation (Cezar et al., 2019; Li et al.,2020; El Kholy et al., 2018;
Keinan et al., 2013). RvD1, similarly to MaR1 also blocks NF-kB pathway
(Krishnamoorthy et al., 2010; Wu et al., 2021). Therefore, these SPMs have a
potential to inhibit/activate these pathways and contribute to the inhibition of

osteoclastogenesis and bone resorption, and resolution of inflammation.

After investigating the SPM receptor expression at the transcript level, their
expression was also evaluated at a protein level. All the assessed receptors were
expressed in both, osteoclasts and their precursors, but their distribution in
healthy vs RA did not correspond to the RNAseq data. In the RNAseq data, the
highest expression of FPR2 was recorded in RA, while CMKLR1 was more expressed
in healthy monocytes, and LTB4R was similarly expressed. At the protein level,
LTB4R was more expressed in healthy and CMKLR1 and FPR2 were similarly
expressed in health and RA. These differences in the expression at the transcript
and protein level might be due to several factors. One of the reasons could be
that the antibody used for western blot did not target all isoforms of the SPM
receptors, therefore it is possible that different isoforms have variable levels of
expression, which could also contribute to variations between transcript and
protein level. Notably, the levels of B-actin were variable in different samples,
which could have an effect on quantification of the SPM receptors. Other factors
could be different rate of protein expression kinetics in monocytes and
osteoclasts, and in RA compared to healthy samples, mRNA decoy, or protein
degradation (Stein & Frydman, 2019).

Notably, to provide a comprehensive analysis of SPM receptor expression, further
studies are required in a larger cohort. Furthermore, paired experiments like RNA
sequencing on monocytes, macrophages, and osteoclasts could be done. The same

donors could also be used for the protein validation (i.e., western blot). This
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would reduce the variations between different experiments, allow comparisons
between monocytes, macrophages, and osteoclasts and provide more accurate
data on the transcript and protein expression in these cells. Additionally, it would
provide information about the SPM receptor expression at the transcript level in
RA compared to healthy osteoclasts and their precursors. Currently different
donors were used for all the experiments, which resulted in different datasets,
bigger donor variations and inconsistencies. Donor variability is another important
factor in protein expression experiments, which in some samples contributed to
non-significant differences possibly due to low sample size. However, only 50 ml
of blood could be taken from every patient, which after CD14* monocytes isolation
led to very low cell numbers, varying from donor to donor. This only allowed for
limited experiments with carefully planned conditions and was not enough to do
3 or more paired experiments. Another complementary experiment that could be
done would be flow cytometry, which could detect the SPM receptor expression
on osteoclasts and their precursors. Flow cytometry, however, would require more
donors and a lengthy optimisation for the new antibodies, which was not feasible

due to lack of time and donors.

There is only limited research on SPM receptor expression on human monocytes
and osteoclasts. Moreover, there is also lack of knowledge on the role of these
receptors and SPMs in health and RA, which makes it challenging to compare the
results from this work to other studies. However, one study investigated the
expression of CMKLR1 in healthy undifferentiated cells, osteoclast precursors and
osteoclasts from murine bone marrow by gPCR. Their findings showed the highest
expression in monocytes. They also show downregulation of CMKLR1 in pre-
osteoclasts (differentiated with RANKL for 24 or 48 hours), with the gene being
gradually upregulated again in osteoclasts 72h post-RANKL addition. Although the
expression was still higher on monocytes, the difference in expression on mature
osteoclasts was less distinct than in pre-osteoclasts (3-fold) (Ramos-Junior et al.,
2016). This thesis analysed osteoclasts differentiated for 120 hours, however, high
levels of CMKLR1 transcript were recorded in monocytes, while osteoclasts showed
much lower expression, which would be consistent with the above-mentioned
study. Another study by Bouchareychas et al. tested the LTB4R expression on
murine bone marrow macrophages and osteoclasts via their DNA-microarray

analysis. They observed a higher expression on macrophages than osteoclasts
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(Bouchareychas et al., 2017). However, this thesis did not use DNA-microarray
analysis and even though the expression levels cannot be directly compared to the
protein expression due to various epigenetic modifications, these results showed
slightly higher expression on macrophages than on osteoclasts at the protein level,
which would also be consistent with this study. Bouchareychas et al. also
described the importance of the LTB4R receptor, suggesting that LTB4R regulates
RANKL signalling and osteoclastogenesis activation. When RvE1 binds LTB4R, it
prevents the binding of leukotriene B4 (LTB4), a proinflammatory SPM, thus
attenuates NF-kB pathway, which further leads to the reduction of osteoclast
differentiation and inflammation resolution. LTB4 on the other hand, counter
regulates the effect leading to the NF-kB and IkB activation and Ca?* signalling via
LTB4R receptor contributing to synovial inflammation in vivo and bone resorption
in vitro. No similar studies defining the expression of SPM receptors on osteoclasts

and their precursors were found for the FPR2 receptor.

The findings in this thesis suggest that as LTB4R and FPR2 were more expressed
on differentiated cells than on monocytes, therefore, the SPM addition might be
more beneficial later on in the differentiation process, i.e., to osteoclast
precursors/osteoclasts rather than monocytes. The next chapter will delve further
into the evaluation of the SPM addition at both early and late timepoints. The
addition of SPMs to monocytes could lead to the prevention and early inhibition
of osteoclastogenesis and bone resorption. However, investigating the addition of
SPMs to osteoclasts could be valuable, as it may help to halt the progression of
bone degradation and osteoclast differentiation in patients with active RA.
Therefore, to address this, the following questions need to be answered, which

will be further elaborated in chapter 4.

1. Can the addition of various SPMs early on in the differentiation process

prevent osteoclastogenesis and osteoclast functions?

2. Can the addition of SPMs at later time points block the actions of mature
osteoclasts and halt their function which could further reduce bone erosion

in patients with RA?
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3.4 Conclusion

This chapter provides an insight into the expression patterns of specific SPM
receptors on monocytes and osteoclasts in healthy individuals and patients with
RA and other rheumatic diseases. The results suggest differences in expression
levels of these receptors between different cell types in healthy donors and RA
patients at a transcript and protein level. In summation, 3 SPM receptors were
selected for further investigation based on their expression namely CMKRL1, FPR2,
and LTB4R. These findings show the importance of investigating the impact of
ligands binding to SPM receptors on osteoclasts and their precursors in health and

disease in order to elucidate their potential as a novel treatment option.
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Chapter 4 The effect of specialised pro-resolving

lipids on osteoclastogenesis

4.1 Introduction

SPMs are lipids that have shown to be effective in inflammation, infection,
arthritis or treating pain. It has also been observed that supplementation with
omega 3 fatty acids (e.g., fish oil consumption), which are SPM precursors, can
enhance the production of plasma SPMs and limit RA activity (Serhan & Levy,
2018). Furthermore, SPMs have a wide range of positive effects in health and
disease (e.g., RA, cardiovascular diseases, diabetes, and cancer) and are essential
in the resolution of inflammation and tissue regeneration (Abdolmaleki et al.,
2019; Headland & Norling, 2015). Functionally, SPMs have the ability to reduce
recruitment of leukocytes, stimulate neutrophil apoptosis and increase
macrophage efferocytosis (Headland and Norling, 2015). SPMs can also regulate
pro-inflammatory mediators (cytokines (e.g., IL-17, IL-23, IL-6, IFN-y),
prostaglandins, or leukotrienes), involved in the inflammatory process
(Arnardottir et al., 2016). Additionally, they can contribute to the switch of
macrophages from pro-inflammatory to pro-resolving macrophages, which are
further involved in tissue repair and recovery (Headland & Norling, 2015) (figure
4.1).
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Figure 4.1 Resolution of inflammation via lipid mediator class switching.

The ideal result of inflammation is its resolution, which can be done by lipid mediator class
switching. First stage of inflammation is edema, which is due to the release of pro-inflammatory
lipid mediators like prostaglandins (PGs) and leukotrienes (LTs). As a response to pro-inflammatory
mediators, polymorphonuclear neutrophils (PMNs) are released to help with the inflammation by
removing the pathogen. As a result, PMNs undergo apoptosis and start releasing pro-resolving lipid
mediators (i.e., resolvins (Rvs), lipoxins (LXs), maresins (MaRs), and protectins (PDs)) instead of
pro-inflammatory mediators (PGs and LTs). Macrophages then remove apoptotic PMNs by
efferocytosis, which results in a phenotypic switch from pro-inflammatory to anti-inflammatory
macrophages, which release more pro-resolving mediators. Pro-resolving mediators further stop
the recruitment of PMNs, which further leads to the resolution of inflammation. Created in
BioRender, figure adapted from Sansbury & Spite, 2016 and Serhan & Levy, 2018.

SPM research is still in its early stage, but there is the potential that SPMs could
not only help modulate pathology and drive repair (e.g., bone and cartilage
regeneration) across a variety of diseases, but also provide anti-infective and
analgesic properties. Previous studies have indicated a role of certain SPMs and
their precursors in the context of macrophage and osteoclast differentiation. For
example, RvE1 can inhibit RANKL-induced osteoclastogenesis and bone resorption
by supressing the expression of some key osteoclast markers i.e., tartrate-
resistant acid phosphatase (TRAP), cathepsin K, and metalloproteinase-9 (MMP-9)
in osteoclastic cells from murine bone marrow (Funaki et al., 2018). Similarly,
RvD1 can also reduce TRAP and cathepsin K production and inhibit
osteoclastogenesis and bone resorption in RAW 264.7 cells and arthritic mice
(Benabdoun et al., 2019). Additionally, it can regulate pro-inflammatory and anti-

inflammatory cytokines and reduce reactive oxygen species (ROS) production,
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which affect osteoclast differentiation and survival, as well as bone resorption
(Agidigbi & Kim, 2019; Leuti et al., 2019).

Even though RvE1 and RvD1 showed an inhibitory effect on osteoclastogenesis,
these experiments were conducted in murine models or RAW264.7 cell lines, but
their effect on primary human cells remains unclear (Kholy et al., 2018; Funaki et
al., 2018; Herrera et al., 2008; Benabdoun et al., 2019; Yuan et al., 2010; Klein
et al., 2022). Therefore, this chapter investigated the effect of RvE1, RvD1, MaR1,
and 17-HDHA on osteoclasts created through the cell fusion of their primary human
mononuclear precursors in the presence of M-CSF and RANKL with or without
tumour necrosis factor (TNF). The effect of SPMs was tested on monocyte-derived
and dendritic cell precursor (pre-DC)-derived osteoclasts in health and RA in order
to investigate the effect on osteoclastogenesis, bone resorption, and signalling

pathways involved in osteoclastogenic processes.

4.2 Results

4.2.1Differentiation of osteoclasts from THP-1 cells

THP-1 is a human monocytic cell line derived from patients with acute leukaemia
and was established as a reliable human osteoclast model (Li et al., 2017). The
main advantages of this cell line are that it is a human cell line, it has a high rate
of proliferation, the cells are immortal, osteoclasts can be differentiated in a
relatively short time, there are no ethical issues and there are no major individual

variations, as is the case with primary human cells (Li et al., 2017).

THP-1 cells were used in this thesis as an alternative plan for osteoclast
differentiation as it was not possible to obtain fresh blood and isolate primary
human cells due to the Covid-19 pandemic. Therefore, experiments with THP-1
cells were conducted according to a protocol used by other members of the lab,
however, the differentiation was not successful as THP-1 cells failed to
differentiate into osteoclasts. Despite the experiments being repeated a few
times with new THP-1 cell lines, the results were comparable. Following the TRAP
staining, none of the cells displayed the characteristic purple colour, which
indicated a lack of mature osteoclasts. Moreover, no multinucleated cells were

present and the cells with the RANKL addition resembled the undifferentiated
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cells in the control wells. To investigate why THP-1 cells remained in their
precursor state and did not differentiate into mature osteoclasts, qPCR was
performed to assess the receptor expression of CSF-1R (M-CSF receptor), RANK
(RANKL receptor), and TRAP (marker of mature osteoclasts) with 18s as a
housekeeping gene. The expression was evaluated 24 hours after the addition of
phorbol 12-myristate 13-acetate (PMA), M-CSF or RANKL and on day 14 of
osteoclast differentiation. The results suggested that RANK, CSF-1R and TRAP
transcripts were barely expressed on cells lysed 24 hours post PMA or cytokine
addition. The expression of CSF-1R and TRAP was increased in transcripts of cells
lysed after 14 days, however, the lack of purple colour also suggests no TRAP
expression at the protein level. RANK receptor’s Ct values after gPCR were above
30, indicating very low or almost non-detectable expression (figure 4.2). Given
the need for RANK expression to initiate osteoclastogenesis, the absence of RANK
transcript expression was most likely the reason for the non-differentiation of
THP-1 cells into osteoclasts. After several unsuccessful attempts and after the
lab’s and clinics’ reopening after the COVID-19 pandemic, THP-1 cells were no
longer used and were replaced with primary human cells obtained from whole
blood or leukocyte cones. Leukocyte cones contain blood that is enriched with
different cell types found in blood, which provides much higher cell counts

compared to cells isolated from fresh whole blood.
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Figure 4.2. THP-1 cell differentiation into osteoclasts with their gqPCR transcripts.

THP-1 cells were differentiating in the presence of PMA only (A), with PMA and M-CSF (B), or in
the presence of PMA, M-CSF and RANKL (C) for 14 days. Transcripts of RANK (D), CSF-1R (E) and
TRAP (F) receptors under different conditions were assessed by gPCR. Blue bars - cells were lysed
24 hours after the addition of PMA, M-CSF or RANKL, red bars - cells were lysed after 14 days. “+”
means the addition of M-CSF, RANKL or PMA, while “-” shows its absence. “+/-” shows that the
cells were pre-incubated with PMA for 4 days, after which PMA was removed and the cells were
incubated only in the presence of M-CSF and RANKL. “+(1)” means the addition of RANKL a day
after M-CSF and not simultaneously as indicated with “+”. 20x magnification; scale bar = 200 pm.
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4.2.20ptimisation of osteoclastogenesis from CD14+ primary

monocytes

It is well established that osteoclasts can be differentiated from monocytes or
macrophages (Yao et al., 2021). However, to verify this, CD14* monocytes were
isolated and subsequently stimulated with M-CSF for 1 day (24h), 3 days or 6 days
prior to the addition of RANKL. This was undertaken to achieve three separate
states within the cultured cells. In explanation, exposure to M-CSF for 1 day results
in cells that retain a monocyte state, 3 days results in cells that are primed to
become macrophages but are not yet fully differentiated, whilst 6 days results in

fully mature macrophage.

Overall, the highest number of mature osteoclasts was recorded once RANKL was
added to cell cultures 24h post M-CSF addition after 10 days of differentiation
(~400 osteoclasts when added on day 1, compared to ~300 when added on day 3,
and ~200 when added on day 6). Additionally, osteoclasts observed with the RANKL
addition 24h after M-CSF were the biggest (figure 4.3 A). After further inspection,
sealing zone-like structures could be observed around the largest osteoclasts in
the cultures that received M-CSF for either 1 or 3 days, but not for 6 days. This
suggests lower capacity of macrophages compared to monocytes to differentiate
into mature osteoclasts as after 6 days with M-CSF only, cells are commited to
become macrophages, which makes them less effective for osteoclast
differentiation (figure 4.3 B). Notably, the sealing zone is created when
osteoclasts attach to a bone during the resorption and separate the resorption
area from the rest of the environment, causing the released degrading enzymes
to stay within the resorption area (see chapter 1.2.3.2 for bone resorption
process). However, when osteoclasts are adherent on plastic or glass instead of
mineralised matrix, as in this case, they do not form a sealing zone, but a similar
sealing zone-like structure called the “podosome belt” or the “actin ring”
(Georgess et al., 2014; Takito et al., 2018). Therefore, for further experiments,
RANKL was added 24h after the M-CSF addition as it exhibited the highest number

of mature TRAP* osteoclasts with clear actin ring formed around the osteoclasts.
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Figure 4.3 Differentiation of osteoclasts from macrophages and their precursors with RANKL
addition on day 1, 3, and 6.

A - Number of mature osteoclasts with the addition of RANKL at different timepoints, specifically
on day 1 to monocyte, day 3 to cells primed to become macrophages, and day 6 to mature
macrophages. Bars show mean+SD of n=3. Significance is shown with an asterisk, where *p<0.05.
Statistical analysis was performed using paired parametric t-test after passing the Shapiro-Wilk’s
normality test. Individual dots represent individual donors. B - Representative images of TRAP-
stained osteoclasts (10x magnification; scale bar = 500 ym) with the RANKL addition on day 1, day
3 and day 6. Examples of actin rings (“sealing zone”) are shown with red arrows.

In addition to optimising the right time-point for the RANKL addition, it was also
necessary to optimise TNF addition. TNF was added to simulate inflammation; a
hallmark of RA. Given the limited availability of RA samples, all the experiments
were initially optimised in healthy cells due to easier accessibility. Moreover, the
number of RA samples was limited, and blood volume was restricted to 50 ml per
patient, which would not be sufficient for complete optimisation. Initial
experiments compared addition of 1 and 10 ng/ml of TNF 24h post M-CSF addition
but simultaneously with 25 ng/ml of RANKL. Consistent with previous finding
(Ansalone et al., 2021), both concentrations of TNF led to a significant inhibition
of osteoclastogenesis when compared to the control with no TNF (figure 4.4 A).
The inhibition was dose-dependent with higher effect recorded with 10 ng/ml of
TNF (68.8% inhibition compared to 19.6% inhibition with 1 ng/ml of TNF). This can
also be observed in TRAP-stained osteoclasts resulting in smaller osteoclasts with

10 ng/ml of TNF compared to 1 ng/ml, with even lower cell fusion and well
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coverage (figure 4.4 C). Even though the conducted experiments were
confirmatory with known outcomes, it was important to verify that the assay
works and that TNF addition after 24h really results in the inhibition of osteoclasts

within this experimental setup.

To further examine the impact of TNF on the function of osteoclasts, a bone
resorption assay was performed. These results showed that the differentiated cells
had a similar ability to resorb bone with 1 ng/ml of TNF when compared to the
control, while 10 ng/ml of TNF led to a ~13% reduction in bone resorption (figure
4.4 B, D). Based on the findings, all subsequent experiments used 10 ng/ml of
TNF.
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Figure 4.4 Inhibition of osteoclastogenesis with TNF added 24 hours after M-CSF addition.

A - Number of osteoclasts differentiated only with M-CSF and 25 ng/ml RANKL (MR25) in the
absence of TNF, with 1 ng/ml of TNF (MR2sT1), or with 10 ng/ml of TNF (MR25T10). Bars show
mean+SD of n=7. Significance is shown with asterisks, ****p<0.0001. Statistical analysis was
performed using paired parametric t-test after passing the Shapiro-Wilk’s normality test. B -
Percentage of resorbed area of calcium phosphate plates under the same conditions, i.e., no TNF,
1 ng/ml or 10 ng/ml of TNF (n=1). C - TRAP-stained images (10x magnification) of macrophages
(M), osteoclasts without TNF (MRzs), osteoclasts with 1 ng/ml of TNF (MRz5T1) and 10 ng/ml of TNF
(MR25T10). 10x magnification; scale bar = 500 pm. D - Representative digital images of resorption
pits in the absence or presence of RANKL and/or TNF. Mineral substrate in black and resorption
pits in white.
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The above-mentioned study by Ansalone et al. (2021) had also shown that the
inhibition of osteoclastogenesis was due to the activation of canonical NF-kB
pathway via TNFR1 receptor. In comparison, TNF added to CD14* monocytes 72
hours after stimulation with RANKL lead to an upregulation of the TNFR2 receptor,
which resulted in the activation of non-canonical NF-kB pathway and enhanced
osteoclastogenesis synergically with RANKL (Lam et al., 2000; Luo et al., 2018).
However, when the same timing of cytokine exposure was applied in this thesis,
the number of osteoclasts remained comparable in the presence and absence of
TNF at both concentrations (figure 4.5 A). Ansalone et al. (2021) also proposed
that it is at the sub-optimal level (1 ng/ml) of RANKL that the synergistic effect
of TNF is observed, however, no differences were observed when a sub-optimal
RANKL concentration (1 ng/ml) was implemented in this work 72h post RANKL
addition (Figure 4.5 B).
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Figure 4.5 The addition of TNF 72 hours post M-CSF and RANKL addition.

A - Quantification of TRAP* osteoclasts differentiated with 25 ng/ml of M-CSF and 25 ng/ml RANKL
(MRz2s5) used as a control, with the addition of 1 ng/ml of TNF (MRz5T+1), or with 10 ng/ml of TNF
(MR25T+10) B - Quantification of TRAP* osteoclasts at 1 ng/ml of RANKL. MR1 - 25 ng/ml M-CSF and 1
ng/ml RANKL used as a control, MR1T+ - differentiation with MR1 in the presence of TNF at 1 ng/ml,
MR1T10 - differentiation with MR1 in the presence of TNF at 10 ng/ml. Error bars are shown as
mean+SD for n=3. Paired parametric t-test was conducted after passing the Shapiro-Wilk’s
normality test (ns means non-significant).

Since no significant effect of TNF was observed when added 72h after the addition
of RANKL, it was investigated whether TNF can enhance osteoclastogenesis in our
setting. Here, CD14* monocytes were treated with M-CSF and RANKL as previously,
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however, TNF was added 96h post RANKL exposure, and different CD14* isolation
kit was used, which might explain discrepancies in the results when compared to
Ansalone et al. (2021). Despite the later TNF addition, number of osteoclasts and

bone resorption were comparable to the control with no TNF (figure 4.6).
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Figure 4.6 The addition of TNF 96 hours after the addition of M-CSF with the RANKL
concentration of 25 ng/ml.

A - Number of osteoclasts differentiated only with 25 ng/ml of M-CSF and 25 ng/ml RANKL (MRzs)
in the absence of TNF or with 10 ng/ml of TNF (MRz5T10). Error bars are shown as mean+SD for n=4.
Paired parametric t-test was conducted for significance, ns - non-significant. B - Percentage of
resorbed area of calcium phosphate plates under the same conditions, i.e., no TNF or 10 ng/ml of
TNF, n=1. C - TRAP-stained images of macrophages differentiated with M-CSF only (M), osteoclasts
without TNF differentiated with M-CSF and 25 ng/ml of RANKL (MR2s), or 10 ng/ml of TNF (MRz5T10).
10x maghnification; scale bar = 500 pm. D - bone resorption images in the absence or presence of
RANKL + TNF. White area represents resorption.
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Given the inability of TNF to enhance osteoclastogenesis in the context of 25
ng/ml of RANKL, the concentration of RANKL was decreased to its sub-optimal
level (1 ng/ml), which led to a noticeable enhancement of osteoclastogenesis in
the presence of 10 ng/ml of TNF. Additionally, this effect was clearly visible in

TRAP-stained images of osteoclasts (figure 4.7 A, C).

To gain a deeper insight into the resorptive activity of mature osteoclasts, calcium
phosphate-coated osteo-assay plates were used to assess osteoclast resorption
activity. The data from TRAP staining corresponds with the results observed in
bone resorption assay, where the resorbed area is greater in the presence of TNF,
leading to a ~55 % enhancement in bone resorption compared to the cells without
TNF (figure 4.7 B, D). Cells with only M-CSF were used as a control. Even though
no osteoclasts were differentiated under this condition, some resorbed areas
(white spots) were visible. This was most likely caused by TRAP* macrophages
(differentiated from monocytes), which are mono- or binuclear and have the
ability to resorb bone into a much smaller extend than osteoclasts (figure 4.7 C,
D).
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Figure 4.7 Enhancement of osteoclastogenesis with the addition of TNF 96 hours after the
addition of M-CSF with the suboptimal RANKL concentration.

A - Number of osteoclasts differentiated only with M-CSF and suboptimal 1 ng/ml concentration of
RANKL (MR1) in the absence of TNF or with 10 ng/ml of TNF (MR1T10), n=6. Error bars show
meanzSD. Paired parametric t-test was done for significance, where significance is shown with an
asterisk, *p<0.05. B - Percentage of resorbed area of calcium phosphate plates under the same
conditions, i.e., no TNF or 10 ng/ml of TNF, n=1. C - TRAP-stained images of monocytes cultured
with M-CSF only (M; mono- and bi-nuclear cells are shown with a red arrow) or osteoclasts without
TNF (MR1) and 10 ng/ml of TNF (MR1T10). 10x magnification; scale bar = 500 pm. D - bone resorption
images in the absence or presence of RANKL and/or TNF. White area represents resorption.

Once the cytokine exposure kinetics that allowed TNF to inhibit or enhance
osteoclast differentiation was optimised, synovial fluid (SF) was collected from
patients with active RA and was used with the aim to recapitulate the disease
environment with a wide spectrum of pro-inflammatory cytokines, chemokines,
growth factors, damage-associated molecular patterns (DAMPs), etc. (Sayegh et

al., 2019). The rationale behind this experiment was to observe the impact of SF
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on osteoclastogenesis, as in RA, monocytes enter the synovial compartment, and
the environment within the SF might influence their differentiation process. The
results showed that both early and late SF addition (added on day 1 or on day 5,
respectively) reduced osteoclastogenesis. This was in contrast with the data
observed with the addition of TNF on day 1, which led to an inhibition while the
addition on day 5 resulted in an enhancement of osteoclasts. Inhibition with the
SF was comparable in both conditions and was more pronounced than the
inhibitory effect of TNF added on day 1 (figure 4.8). The inhibitory effect of RA
SF was also observed in prior research in the Goodyear laboratory, where the work
showed that multiple factors (e.g., interferon alpha (IFNa), immune complexes,
and toll-like receptors binding DAMPs) present in RA SF inhibited levels of various
chemokines. The effect on osteoclastogenesis was not addressed, however, the
inhibition was unexpected due to several pro-inflammatory DAMPs in SF. Notably,
more research is needed to fully understand the mechanisms of action behind the

inhibition of osteoclastogenesis in the presence of SF (Kidger, 2017).

Overall, TNF was consistently able to inhibit but also enhance osteoclast
differentiation depending on the time of exposure, while SF failed to enhance
osteoclast differentiation and led to inhibition in both investigated settings.
Therefore, further experiments aiming to evaluate the effect of SPMs on

osteoclasts used the enhancing TNF culture system.
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Figure 4.8 The effect of TNF and synovial fluid on osteoclastogenesis.

A bar chart showing the addition of synovial fluid (SF; in purple) on day 1 (MRzsSF1), on day 5
(MR25SF10) or the addition of 10 ng/ml of TNF (in red) on day 1 and day 5 compared to the control
(MRzs; in blue), where cells were incubated with 25 ng/ml of M-CSF and 25 ng/ml of RANKL for 12
days. Error bars are shown as meanzSD for n=2.
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4.2.3RvVE1 inhibits osteoclastogenesis in healthy individuals under

inflammatory conditions

To establish the optimal concentration of SPMs to be added to osteoclast cultures,
three different half-log concentrations, namely 3, 10, and 30 ng/ml (equivalent
to 8.6, 28.5, and 85.6 nM) were tested. These concentrations were selected based
on prior research and also because the aim of this work was to test whether SPMs
have an effect under lower concentrations. Prior studies investigating an effect of
RVE1 on osteoclastogenesis used, 50-100 nM (Funaki et al., 2018), 100 nM (Kholy
et al., 2018) or 1, 3, and 10 ng/ml, with the highest effect observed at 3 ng/ml
(Herrera et al., 2008). The concentrations for RvD1 were slightly higher, ranging
between 500 nM (Benabdoun et al., 2019), and 2, 20 or 200 ng/ml, with significant
effect on osteoclastogenesis observed with 20 and 200 ng/ml (Klein et al., 2022).

The results with 3, 10, and 30 ng/ml showed no significant difference under
standard culture conditions (M-CSF+RANKL) with either RvE1 or 17-HDHA (figure
4.9 A). However, when the effect of these SPMs was tested under TNF-driven
inflammation, 3 and 10 ng/ml of RvE1 and 17-HDHA showed an osteoclast
inhibition, while 30 ng/ml did not exhibit an inhibitory effect (figure 4.9 B).
Therefore, based on these results and previous studies, further experiments were

conducted using 10 ng/ml of SPMs.
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Figure 4.9 Evaluation of the right timepoint of SPM addition.
A - The addition of RvE1 and 17-HDHA at 3 ng/ml, 10 ng/ml or 30 ng/ml under standard culture

conditions with 25 ng/ml of M-CSF and RANKL (blue; MR) compared to the control with no SPMs
(dotted line). B - the addition of RvE1 and 17-HDHA at 3, 10, and 30 ng/ml under TNF-driven
conditions with 10 ng/ml of TNF (red) compared to the control without SPMs (dotted line; MRT).
SPMs were added on day 5 in the absence or presence of TNF. Bars show mean+SD for n=1, each
dot represents a replicate of the same donor.
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To observe the effect of RvD1, RvE1, 17-HDHA, MaR1 (selected based on the SPM
receptor expression discussed in chapter 3), and their combination on
osteoclastogenesis, these SPMs were tested in the presence of M-CSF and optimal
concentration of RANKL (25 ng/ml) + TNF. These SPMs were initially tested in
osteoclasts differentiated from CD14* monocytes isolated from leukocyte cones.
To assess their effect during early pre-osteoclast differentiation, SPMs were added
on day 1 (figure 4.10 A). In contrast, to observe their impact on mature
osteoclasts, SPMs were added on day 5 (figure 4.10 B). Both additions were done
in the absence of TNF to mimic steady-state conditions. To investigate the effect
of SPMs under TNF-driven inflammation, SPMs were added simultaneously with
TNF on day 5 (figure 4.10 C). A condition where TNF would be added on day 1
alongside the SPMs was not included as earlier addition would lead to osteoclast
inhibition, which would not be suitable for observing possible inhibitory effect of
SPMs.

The addition of RvD1, RvE1, 17-HDHA, MaR1, and their combination in the absence
of TNF on day 1 or day 5 did not significantly affect RANKL-driven osteoclast
differentiation and no significant differences were observed when compared to
the control (figure 4.10 A, B). In contrast, RvE1, significantly inhibited
osteoclastogenesis when added alongside TNF on day 5 (figure 4.10 C). The
inhibition with RvE1 was donor-dependent ranging between 11 to 42 % with an
average of 20.9 + 12.5 % decrease in the number of osteoclasts. Although MaR1
also led to an inhibition across the donors, these results were not statistically
significant (p=0.055), most likely due to sample variation and low number of
donors (n=3). The average inhibition with MaR1, however, resulted in 24.7+10.5 %
decrease of osteoclast numbers with the inhibition ranging between 14.2 % to 24.8
%. Therefore, despite the non-significant results with MaR1, MaR1 managed to
inhibit osteoclastogenesis with a slightly higher average inhibition than RVE1,
however, more donors would be needed for confirmation. Additionally, the effect
of RvD1, 17-HDHA, and the SPM combination was non-significant under TNF-driven

conditions.
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Figure 4.10 The effect of SPMs on osteoclast differentiation under standard or TNF-driven
conditions with 25 ng/ml of RANKL.

Normalised number of osteoclasts under standard culture conditions differentiated from CD14*
monocytes isolated from leukocyte cones. Filled blue bar - MRV control (25 ng/ml of M-CSF, 25
ng/ml of RANKL, and ethanol vehicle) with no SPMs, dotted blue bar - standard culture condition
(MRV) with SPMs (10 ng/ml), namely RvD1, RvE1, 17-HDHA, MaR1 and their combination added on
day 1 (A) or on day 5 (B). C - Normalised number of osteoclasts under TNF-driven conditions. Filled
red bar - MRTV control (25 ng/ml M-CSF, 25 ng/ml RANKL, 10 ng/ml TNF, and ethanol vehicle)
without SPMs, striped red bar - MRT condition with the SPM addition (10 ng/ml) on day 5.
Parametric paired t-test assuming Gaussian distribution was done. Significance is shown with an
asterisk, where *p<0.05 and ns means non-significant. Each dot represents one donor (n=3-5).

To assess whether the effect would be more pronounced, SPMs were also tested
at the sub-optimal concentration of RANKL (1 ng/ml). Interestingly, the effect of
SPMs was comparable to that at a higher RANKL concentration. Similarly, the
addition of RvE1 alongside with TNF resulted in a significant inhibition of
osteoclastogenesis (22+8.3 % less osteoclasts than in the control). In contrast, the
effect with MaR1 was inconsistent across the donors, with 1 donor showing no

effect, while the other 2 donors inhibited osteoclast differentiation. No significant
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differences were observed with any of the SPMs added under standard culture
conditions (figure 4.11). Therefore, in the following experiments, SPMs were no

longer tested under standard culture conditions.
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Figure 4.11 The effect of SPMs under standard or TNF-driven conditions at sub-optimal RANKL
concentration (1 ng/ml).

Normalised number of osteoclasts differentiated from CD14* monocytes isolated from leukocyte
cones under TNF-driven inflammatory conditions. Filled blue bar - MRV control (25 ng/ml of M-
CSF, 1 ng/ml of RANKL, and ethanol vehicle) with no SPMs, dotted blue bar - standard culture
condition (MRV) with 10 ng/ml of SPMs, namely RvD1, RvE1, 17-HDHA, MaR1 and their combination
added on day 1 (A) or on day 5 (B). C - Normalised number of osteoclasts under TNF-driven
conditions. Filled red bar - MRTV control (25 ng/ml M-CSF, 1 ng/ml RANKL, 10 ng/ml TNF, and
ethanol vehicle) without SPMs, striped red bar - MRT condition with the SPM addition (10 ng/ml)
on day 5. Parametric paired t-test assuming Gaussian distribution was done. Significance is shown
with an asterisk, where *p<0.05 and ns means non-significant. Each dot represents one donor. Error
bars show mean+SD for n=3-4.

To obtain more reliable comparisons between healthy and RA donors, it was
necessary to confirm the effect of SPMs in TNF cultures in primary human cells
acquired from fresh whole blood rather than leukocyte cones. Notably, RVE1

significantly inhibited osteoclast differentiation from monocytes isolated from
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whole blood of healthy donors with 15+6.7 % higher osteoclast reduction in every
donor compared to control, which was slightly less pronounced than with the
leukocyte cones. The effect of the other SPMs that were tested, namely RvD1, 17-
HDHA, MaR1 and their combination resulted in non-significant changes (figure

4.12).
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Figure 4.12 RvE1 inhibits osteoclastogenesis under inflammatory conditions.

A - Normalised number of osteoclasts differentiated from fresh whole blood monocytes under
inflammatory conditions with 25 ng/ml of M-CSF, 25 ng/ml of RANKL, and 10 ng/ml of TNF with
ethanol vehicle (MRTV) in the absence or presence of SPMs (10 ng/ml), namely RvE1, RvD1, 17-
HDHA, MaR1, and their combination (All). Paired parametric t-test was performed to observe the
difference between conditions with the added SPMs and the MRTV control after passing the
normality test (n=5-6); **p<0.005. Error bars show mean+SD. B - pairwise comparison of humber of
TRAP* osteoclasts of individual donors for different SPMs compared to the MRTV control. Statistical
significance was done using paired parametric t-test; *p<0.05.

Notably, the inhibitory effect of RvE1 was also evident in TRAP-stained images of
osteoclasts. This was characteriesed by a reduced number of mature osteoclasts,
which also appeared smaller (figure 4.13). Additionally, more osteoclast
precursors with 1 or 2 nuclei were observed, however, this observation was not
confirmed due to time restraints, and the counts of mono- and binulear cells
compared to mature osteoclasts could be conducted in future work. This could
suggest that a higher number of cells failed to differentiate into mature
osteoclasts and remained in their precursor state, as suggested by Zhu et al.,
(2013).
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MRTV (control)

Figure 4.13 Microscope pictures of mature TRAP* osteoclasts and their precursors in the
presence of SPMs.

Osteoclasts differentiated in the presence of 25 ng/ml of M-CSF, 25 ng/ml of RANKL, 10 ng/ml of
TNF + 10 ng/ml of SPMs. Ethanol was added as a vehicle to the control (MRTV). Cells with 3 or
more nuclei are characterised as mature osteoclasts, while cells with less than 3 nuclei are
osteoclast precursors. Elongated cells are macrophages not differentiated into osteoclasts (20x
magnification; scale bar = 200 ym).

To investigate the relationship between the osteoclast inhibition caused by RvE1
and bone degradation, a bone resorption assay was conducted using calcium
phosphate coated plates. The results suggest that the effect of RVE1 on bone
resorption was very donor-dependent and the results were non-significant.
However, despite the non-significant results, a slight inhibition was seen in 3 out
of 4 donors ranging between 2.5-8.8 %. One donor remained unchanged (figure
4.14). More donors would be needed to fully conclude the impact of RvE1 on bone
resorption and to understand its connection with osteoclast inhibition. Based on
power calculations, for 80% power assuming a 5% significance level using 2-tailed
test, a minimum of 743 patients per group would be needed. This is, however, not
possible, therefore no significant results of this assay can be expected. Moreover,
this experiment was not possible to repeat as the bone resorption plates were

discontinued.
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Figure 4.14 Bone resorption with RvE1 in healthy donors.

A - Percentage of resorbed area with the addition of RvE1 (10 ng/ml) compared to its MRTV control
(25 ng/ml M-CSF, 25 ng/ml RANKL, 10 ng/ml TNF, ethanol as a vehicle). Error bars show mean+SD
for n=4. Statistical analysis was performed using paired parametric t-test; ns - non-significant. B -
Representative image showing resorbed area for the MRTV control, and MRTV with the addition of
RvE1. White area shows resorption.

In summation, RvE1 inhibited osteoclast differentiation from leukocyte cones at
both, optimal and sub-optimal RANKL concentrations (25 ng/ml and 1 ng/ml,
respectively) under TNF-driven conditions. The inhibitory effect was also
confirmed in osteoclasts differentiated from whole blood of healthy donors. No
effect of SPMs (RvD1, RvE1, 17-HDHA, MaR1) was observed under standard culture
conditions after their addition on day 1 or day 5 in osteoclasts differentiated from
leukocyte cones. Aditionally, the inhibition of osteoclasts by RvE1 was also
observed with TRAP-staining, which resulted in smaller osteoclasts. Furthermore,
RvE1 might have an inhibitory effect on bone resorption, however, it was very
donor-dependant. As according to the power calculations, 743 patients would be
needed, these results are not significant and RvE1 did not have an effect on bone
resorption when using the bone resorption assay plates. However, different
experiments using for example bone slices or fluorescent bone resorption assay

kits could be used to conduct further investigations.

Lastly, the actions of SPMs on the expression of key genes involved in TNF-driven
osteoclastogenesis was also assessed to gain a deeper understanding of the
underlying mechanism and signalling pathways of SPMs. The genes selected for
this gqPCR analysis were all associated with osteoclast differentiation, bone

resorption or inflammation. These genes included dendritic cell-specific
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transmembrane protein (DC stamp; cell-cell fusion in osteoclasts), osteoclast
stimulatory transmembrane protein (OC stamp; osteoclast fusion and bone
resorption), RANK (RANKL receptor marker; osteoclast formation, activation, and
survival), CD115 (M-CSF receptor marker; survival and differentiation of myeloid
cells), osteoclast-associated receptor (OSCAR; osteoclast marker), TRAP (bone
resorption), matrix metalloproteinase 9 (MMP9; bone resorption), cathepsin k
(bone resorption), nuclear factor of activated T cells 1 (NFATc1; osteoclast
differentiation), PU.1 (myeloid cell development, commitment to
monocyte/macrophages), and MITF (osteoclast differentiation). CD14* monocytes
were differentiated into osteoclasts using M-CSF, RANKL, and TNF, with SPMs
added simultaneously on day 5. The cells were lysed 24h after the addition of the
SPMs+TNF. The control was lysed 24h after the addition of the vehicle, and mRNA
expression for the selected genes was assessed via gPCR. Genes that consistently
showed expression levels below or above the MRTV average across all biological

replicates were further analysed for significance.

In healthy cells isolated from whole blood, RvD1 and MaR1 did not significantly
impact any of the analysed genes. RvE1 exhibited a significant enhancement on
the NFATc1 transcript, without impacting RANK, which is upstream of NFATc1.
These observations in the transcript increase, however, do not correspond with
the functional outcomes showing RvE1’s inhibitory effect on osteoclastogenesis
and an inhibition of NFATc1 was expected. Additionally, 17-HDHA led to a
significant upregulation of RANK, MMP9 and NFATc1 across the donors. Lastly, the
combination of all SPMs lead to a significant enhancement of NFATc1 gene (figure
4.15).

Overall, RvE1, 17-HDHA and the SPM combination significantly enhanced NFATc1
transcript, with 17-HDHA also enhancing RANK and MMP9 expression. Notably, no
SPM showed an increase of 2-fold or higher compared to the control in all the
biological replicates, thus even though these SPMs possibly had an effect on the
transcript expression, the changes were relatively small and did not correspond
with the functional outcomes of SPMs. To observe whether these SPMs could have
an effect on the transcript expression, more donors would be needed, and
different time-points could be tested, as in this experiment the mRNA expression
was only tested 24h after the SPM addition.
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Figure 4.15 Gene expression involved in osteoclast differentiation and bone resorption for
various SPMs in healthy osteoclasts.

mRNA fold change was counted for different osteoclastogenic pathways for RvD1 (A), RvE1 (C), 17-
HDHA (D), MaR1 (F) and a combination of all the SPMs (H) compared to the MRTV control with no
SPM (dotted line). Fold change was counted as 2"*2CT normalised to the MRTV control, where AACt
was counted as ACtwith spm) - ACt(controly and ACt was counted as Crgene of interest) - CT(GappH). Selected
pathways where all donors showed either an enhancement or an inhibition with RvE1 (C), 17-HDHA
(E), MaR1 (G), or all SPMs (I) compared to the MRTV control were selected and plotted as relative
mMRNA expression counted as 2"-ACr. Parametric paired t-test was done for statistical analysis and
significance is shown with an asterisk (*p<0.05; **p<0.005) for n=4.
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4.2.4 RvD1 inhibits osteoclastogenesis in RA patients under

inflammatory conditions

Due to variations in phenotype, gene expression and metabolism between healthy
and RA myeloid compartment (chapters 1.1.1, 3, and 5.1), it is necessary to
examine the effect of SPMs in RA precursors since their actions may vary from
healthy osteoclasts. RA monocytes were isolated from whole blood of patients
with active RA and were cultured under standard culture conditions (no TNF) or
TNF-driven inflammatory conditions (with TNF) + SPMs, as previously described
with healthy osteoclasts. Under standard culture conditions, none of the SPMs
added on day 5 exhibited a significant effect on osteoclastogenesis, which was
consistent with the effect of SPMs observed in healthy osteoclasts. In contrast,
under TNF-driven conditions, RvD1 and MaR1 significantly inhibited
osteoclastogenesis, with RvD1 showing higher significance (p=0.004) than MaR1
(p=0.04) (figure 4.16 A). The other SPMs, including their combination, did not
affect osteoclastogenesis in the presence of TNF. Interestingly, in contrast to

healthy individuals, RvE1 was unable to inhibit osteoclastogenesis in RA samples.

SPMs were also tested at a sub-optimal RANKL concentration (1ng/ml), which
resulted in a comparable effect to that seen at 25 ng/ml under standard culture
conditions (figure 4.16B). However, due to the limited number of RA cells, some
conditions under standard culture settings could not be performed or replicated,
as the primary focus was on investigating the SPMs in inflammation. Under TNF-
driven conditions, RvD1 maintained its inhibitory actions (10.8+4.2 % fewer
osteoclasts compared to the control), however, the significance was lower
(p=0.05) than with the optimal concentration of RANKL. No significant difference
was observed with any other SPMs (figure 4.16 B).
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Figure 4.16 The effects of SPMs under physiological and inflammatory settings in RA.

A - Normalised counts for TRAP* osteoclasts with the addition of 10 ng/ml SPMs (RvD1, RvE1, 17-
HDHA, MaR1, and their combination - All) under standard culture conditions (blue) or TNF-driven
conditions (red). Under standard culture conditions, osteoclasts were differentiated in the
presence of 25 ng/ml of M-CSF, 25 ng/ml of RANKL and ethanol vehicle (MRV), while under TNF-
driven conditions, apart from M-CSF and RANKL, TNF was added (MRTV). Ethanol was added as a
vehicle to the control as SPMs are dissolved in ethanol. B - Normalised counts for TRAP* osteoclasts
differentiated at sub-optimal RANKL concentration (1 ng/ml) in the absence or presence of TNF
(MRV and MRTV, respectively). Full bar shows the MRV and MRTV control (blue and red,
respectively). Due to limited number of cells, the combination of all SPMs could not be tested
under standard culture conditions with 1 ng/ml of RANKL so it was not included. Paired parametric
t-test was done for the statistical analysis. Significance is shown with an asterisk, ns means non-
significant results; *p<0.05, **p<0.01 for n=1-4.

Additionally, inhibition of osteoclastogenesis was also observed in TRAP-stained
images, which resulted in smaller osteoclasts in the presence of RvD1 and MaR1
(4.17 A). Notably, only RvD1 exhibited osteoclast inhibition (15.6+2.4 % inhibition
compared to the control) when raw data with actual osteoclast counts were used
rather than normalised data (4.17 B). Therefore, for more reliable results and a
clear conclusion about the possible inhibitory actions of MaR1, a larger sample

size would be needed.
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Figure 4.17 The effect of SPMs on osteoclasts under inflammatory conditions in RA.

A - TRAP* osteoclasts with the addition of various SPMs, namely RvD1, RvE1, 17-HDHA, MaR1, and
the combination of all SPMs compared to the control with M-CSF, RANKL, TNF and vehicle (MRTV)
(20x magnification). Mature osteoclasts are shown in purple and have 3 or more nuclei. 10x
magnification; scale bar = 500 ym. B - Number of TRAP* osteoclasts. The effect of RvD1 (MRTD),
RvE1 (MRTE), 17-HDHA (MRT17), MaR1 (MRTMaR1), and all SPMs (MRTall) was tested on
osteoclastogenesis compared to the MRTV control (M-CSF, RANKL, TNF and vehicle) for individual
donors (n=4). Paired parametric t-test was done after passing the normality test; *p<0.05.

The bone resorbing activity of RvD1 was also evaluated, however, there were no
significant differences compared to the control. The results varied between the
donors with one donor enhancing osteoclastogenesis, the other inhibiting, and the
third remained unchanged (figure 4.18). Therefore, despite RvD1’s inhibitory
actions on osteoclastogenesis, it did not have an inhibitory effect on bone
resorption in osteoclasts differentiated from primary human cells from RA
patients. This could be due to oversaturation of the wells with cells or because
cells were left in cell cultures for longer than for TRAP staining (14 days compared
to 10 days), which led to high degree of resorption. Additionally, higher
concentration of SPMs could be used, as prior studies used 500 nM (Pinto et al.,
2023; Benabdoun et al., 2019), while this work used 10 ng/ml, which is
comparable to 26.6 nM. Therefore, even though lower concentration might be
sufficient for osteoclast inhibition, higher concentration might be needed in order

to see a possible effect on bone resorption.
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Figure 4.18 Bone resorption with RvD1 in RA.

A - Graph showing the percentage of resorbed area by osteoclasts differentiated in the presence
of 25 ng/ml of M-CSF, 25 ng/ml of RANKL, 10 ng/ml of TNF, and a vehicle (MRTV) used as a control
compared to osteoclasts differentiated with the addition of 10 ng/ml of RvD1 for 14 days (n=3).
Paired parametric t-test was conducted, which resulted in non-significant results. B - Pictures of
resorbed area for RvD1 and its MRTV control. White area is resorbed area.

In summation, RvD1 inhibited osteoclastogenesis under TNF-driven inflammatory
conditions in RA at both, optimal and sub-optimal concentrations, however, its
effect on bone resorption was not significant. Additionally, even though MaR1
showed an inhibitory effect on osteoclast differentiation, the difference was not
significant, and more donors would be needed to better observe its effect.
Notably, none of the SPMs exhibited an inhibitory effect on osteoclastogenesis

under standard culture conditions.

Lastly, the effect of SPMs on osteoclastogenic gene transcripts in RA was also
tested in the same way as for healthy donors, however, the number of donors was
limited (n=3). Preliminary data suggest that the addition of RvD1 decreased
OSCAR, NFATc1 and PU.1 transcripts, which corresponds with RvD1’s functional
cellular outcome, although the differences were not significant (figure 4.19).
Despite RvE1 not having an effect on osteoclastogenesis in RA, it exhibited a
significant decrease in OSCAR and PU.1 transcript expression. 17-HDHA showed a
non-significant inhibition on DC stamp and PU.1 genes, however, upon further
analysis of the Cr values and fold changes of these genes, the values were
comparable to the PU.1 gene expression after the exposure to RvE1, which was
statistically significant, therefore 17-HDHA could also exhibit an inhibitory effect.
Additionally, MaR1 showed no effect on any of these transcripts. The combination

of all SPMs significantly enhanced the expression of CD115, although despite the
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statistical significance, the differences were very subtle (3-5%) (figure 4.19).
Notably, none of these fold change values was bigger than 2-fold, therefore the
actions of these SPMs were not as pronounced, and more donors would be needed
to draw more reliable conclusions. As already mentioned, gene expression was
only tested at a single time-point, therefore it is possible that an earlier/later
time-point could lead to more pronounced effects for some of the genes but
further experiments would be required, which was not possible due to time

restrains.
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Figure 4.19 Gene expression involved in osteoclast differentiation and bone resorption with
various SPMs in RA.

mRNA fold change was counted for different osteoclast pathways for RvD1 (A), RvE1 (C), 17-HDHA
(E), MaR1 (G) and a combination of all the SPMs (H) compared to MRTV. It was counted as 2"-AACt
normalised to the MRTV control, where AACt was counted as ACtwith spm) - ACt(controly @and ACt was
counted as Crgene of interest) - CrGappH). Selected pathways where all donors showed either an
enhancement or an inhibition with RvD1 (B), RvE1 (D), 17-HDHA (F), or all SPMs (I) compared to
the MRTV control were selected and plotted as relative mRNA expression counted as 2"-ACr.
Parametric paired t-test was done for statistical analysis and significance is shown with an asterisk
(*p<0.05; **p<0.01) for n=3.
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In summary, when evaluating the impact of SPMs on osteoclast differentiation, a
significant difference between healthy and RA donors was observed with regards
to RvE1 and RvD1. Notably, RvD1 had a significantly higher inhibitory effect in RA
osteoclasts, while RvE1 showed significantly higher inhibition in healthy
osteoclasts under TNF-driven conditions (figure 4.20). No major differences were
noted with 17-HDHA, MaR1, and the combination of all the SPMs.
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Figure 4.20 RvD1 and RvE1 inhibit osteoclastogenesis in RA and healthy donors, respectively.
Comparison of the effect of RvD1, RvE1, 17-HDHA, MaR1, and the combination of all SPMs (All) in
healthy and RA osteoclasts under TNF-driven conditions. Each dot shows individual donor compared
to the normalised MRTV control (M-CSF, RANKL, TNF, vehicle; dotted line). Paired parametric t-
test was done to statistically establish the significance between the number of normalised TRAP*
osteoclasts in the presence of SPMs between healthy (HC; green) and RA (red) donors. Statistical
significance is shown with an asterisk; *p<0.05, ns is non-significant.

Similarly, mRNA fold change of the osteoclastogenic genes were compared
between healthy and RA donors. This comparison was only done for the genes
selected in figures 4.15 and 4.19, which were more/less expressed in all of the
donors when compared to the control. Notably, only NFATc1 showed a significant
difference between healthy and RA donors in the presence of RvE1, 17-HDHA, and
the combination of all SPMs, which could suggest an inhibitory effect on osteoclast
differentiation in RA compared to healthy donors. Interestingly RA donors showed
lower transcript expression in the presence of these SPMs, while the expression in
healthy donors was slightly enhanced when compared to their normalised controls
(figure 4.21). To fully understand the difference between the expression of
NFATc1 transcripts in healthy and RA osteoclasts in the presence of certain SPMs,
more experiments would be needed, such as looking at the protein expression by
western blot, investigating upstream/downstream signalling pathways, or using

different time-points.
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Figure 4.21 Comparison of osteoclastogenic gene expression between healthy and RA donors.
Normalised transcript expression of selected genes of healthy (HC; green) and RA (red) donors as

compared to the MRTV control (M-CSF, RANKL, TNF, vehicle; dotted line). Unpaired parametric t-

test was done, where *p<0.05. Individual dots represent individual donors, nuc = 4, nra = 3.
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4.2.5SPMs do not affect the ability of dendritic cell precursors to

differentiate into osteoclasts

To investigate the impact of SPMs on pre-DCs, initial experiments were performed
using whole blood. However, due to limited number of pre-DCs obtained from
whole blood, the cells were differentiated in 384-well plates, as opposed to the
standard 96-well plate (figure 4.22 A). In comparison with 96-well plates, these
plates only required 25,000 cells per condition instead of the usual 100,000 cells.
The use of smaller wells, however, resulted in large variations and inconsistent
cell differentiation between replicates and no reliable conclusions could be drawn
based on these results (figure 4.22 B, C). However, despite the inter-donor
variations, RvD1 showed an inhibitory effect on osteoclastogenesis in all technical
replicates (N=1), therefore, it might have an effect on osteoclastogenesis,
however, more experiments would be needed. Notably, only a very small volume
(25 pl) was used per well, which may have contributed to variations in the number
of plated cells and their distribution in the well. For half-changing the media, only
12.5 pl of media was exchanged, which was too little and sometimes the fresh
media including the cytokines would stick to the wall of the well or it was not as

precise as it would be with larger volumes.
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Figure 4.22 Osteoclast differentiation from pre-DCs from whole blood.

A - Number of TRAP* osteoclasts differentiated from DC precursors isolated from whole blood with
the addition of SPMs on day 5. The effect of RvD1, RvE1, 17-HDHA, MaR1, and all SPMs was tested
on osteoclastogenesis compared to the MRTV control (M-CSF, RANKL, TNF, and vehicle). Each dot
represents a replicate of the same donor (n=1). B - Variations in the number of TRAP-stained
osteoclasts between the MRTV replicates of the same donor in two different wells. C - Variation

between the number of TRAP* osteoclasts in the presence of 17-HDHA in two different replicates
of the same donor (scale bar = 1000 pm).
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Due to limitations of a 384-well plate, further experiments were conducted using
96-well plates. However, due to limited number of cells obtained from RA or
healthy whole blood, leukocyte cones were used to observe whether any of the
SPMs has an effect on osteoclastogenesis. If an SPM would have an effect on
osteoclastogenesis, it would further be tested with RA and healthy cells on 384-
well plates with whole blood. As osteoclasts differentiate more rapidly from pre-
DCs than from CD14* monocytes (-6 days compared to 7-10 days), SPMs were
introduced either on day 5 as before, or a day earlier, on day 4 alongside TNF.
However, the results suggest no significant differences between any of the SPMs
compared to the control on either of these days. Therefore, due to donor
variations, it can be concluded that none of these SPMs demonstrated an inhibitory
effect on pre-DC-derived osteoclasts (figure 4.23).
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Figure 4.23 Osteoclast differentiation from DC precursors from leukocyte cones with the
addition of SPMs.

Normalised counts of osteoclasts with the addition of SPMs on day 4 (A) or on day 5 (B) with 25
ng/ml of M-CSF, 25 ng/ml of RANKL, 10 ng/ml of TNF + 10 ng/ml of SPMs, namely RvD1, RvE1, 17-
HDHA, MaR1, and their combination (All). Filled bar shows the MRTV control to which the other
conditions are compared to. Error bars show mean+SD while dots represent individual donors.
Paired parametric t-test was done for the conditions with 3 or more donors after passing the
normality test (n=2-4), however, no significance was observed.

4.3 Discussion

This chapter revolved about studying the effect of RvD1, RvE1, 17-HDHA, and MaR1
on osteoclastogenesis in standard culture conditions (no TNF) and TNF-driven
conditions with the aim to elucidate their role in modulating the differentiation
process. Additionally, the effect of SPMs was tested in bone resorption in healthy

and RA osteoclasts. The investigation of the actions of SPMs aimed to elucidate
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the underlying mechanisms, identify prominent receptors, and reveal the genes

and pathways affected by the addition of these lipids.

Firstly, the effect of TNF on osteoclasts was confirmed following previous research
(Ansalone et al., 2021). TNF, known for its pro-inflammatory properties, was
added to cell cultures to mimic the RA environment. Initially, TNF was introduced
early alongside RANKL (on day 1), which led to an inhibition of osteoclastogenesis.
Further experiments in this thesis introduced TNF on day 5, which no longer
resulted in an inhibition of osteoclastogenesis, but led to its enhancement at lower
concentration of RANKL (1ng/ml). Additionally, RANKL was introduced 24h after
M-CSF, as RANK levels are upregulated once the cells are preincubated with M-CSF
for 24h (Thummler et al., 2022), resulting in higher osteoclast numbers compared
to later time-points (day 3 and day 6). Lastly, the concentration of SPMs used for

this experiment was optimised.

Previous studies reported various SPM concentrations ranging between 1-500 nM
(~0.35 - ~175 ng/ml) (El Kholy et al., 2018; Funaki et al., 2018; Gao et al., 2013;
Herrera et al., 2008). Even though most of the studies used 100 nM, (~35 ng/ml)
of SPMs (El Kholy et al., 2018; Funaki et al., 2018), in this thesis 10 ng/ml (26.6
nM) was used to investigate the effect of SPMs at a lower concentration to
minimise the potential influence of ethanol, in which the SPMs are dissolved.
Notably, despite several studies investigating the effect of SPMs on
osteoclastogenesis, the majority of them was conducted in animal models or
murine cell lines. Therefore, due to lack of research, this thesis aims to investigate
the effect of SPMs on primary human cells and osteoclasts in healthy and RA

individuals.

The findings of this chapter revealed that SPMs had no effect on osteoclastogenesis
when added on day 1 or 5 under standard culture conditions in healthy donors. In
contrast, under TNF-driven conditions, RvE1 exhibited inhibitory effect on
osteoclastogenesis in healthy osteoclasts (15+6.7% inhibition compared to the
control). These data correspond with previous murine studies where the inhibition
of osteoclasts by RvE1 was recorded. It has been proposed that SPM-mediated
inhibition of osteoclastogenesis is due to the prevention of pre-osteoclast fusion
(Zhu et al., 2013), which potentially explains the numerous pre-osteoclasts seen

with the addition of RvE1, however, mono- and binuclear cells were not counted
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due to time restraints, therefore, this was not verified. Similar results were
reported in the study by Kholy et al. (2018), which showed an inhibition of murine
osteoclastogenesis with RvE1 (100 nM; ~35 ng/ml) in the presence of TNF. Another
study reported inhibition of osteoclast differentiation in RAW264.7 cells at 50 nM
and 100 nM showing similar results (Funaki et al., 2018). Lastly, Herrera et al.
(2008) also observed osteoclast inhibition with 1, 3 and 10 ng/ml in cells isolated

from mouse bone marrow with 3 ng/ml being the most effective.

Additionally, RvE1 also showed an inhibitory effect on bone resorption. However,
the inhibition was non-significant and varied between 2.5-8.8 % with one donor
exhibiting no effect. Notably, calcium phosphate coated plates were used to
assess the degree of bone resorption, which may have led to different results
compared to testing on an actual bone substrate. Herrera et al. (2008) reported
reduced bone resorption in the presence of RvE1, using dentin slices in murine
bone marrow osteoclasts. This ability of RvE1 to supress resorption was also
observed in RAW264.7 cells in using a fluorescent bone resorption assay kit with
calcium phosphate-coated plates (Funaki et al., 2018). Notably, the experiments
in this thesis could not be repeated with more donors due to the plates being
discontinued, and due to lack of time the assay could not be optimised with bone
slices or with the fluorescent bone resorption kit. Experiments were attempted
on ivory discs, however, osteoclasts differentiated very slowly and even after 3
weeks, they were still in their precursor state and failed to become mature
osteoclasts (data not shown). Furthermore, it was challenging to evaluate the

resorbed area due to various ridges on the discs caused by cutting of the ivory.

Interestingly, despite RvE1’s inhibitory effect in healthy osteoclasts under TNF-
driven conditions, RvE1 showed no effect on the osteoclast inhibition in RA
osteoclasts. In contrast, RvD1, which showed no effect on healthy donors,
significantly inhibited osteoclastogenesis in RA samples under TNF-driven
conditions, which led to 15.6+2.4 % inhibition. Additionally, RvD1 did not have an
effect on bone resorption. This was in juxtaposition to the findings of Benabdoun
et al. (2019), who showed an inhibition of bone resorption with 500 nM of RvD1 on
hydroxyapatite matrix with osteoclasts differentiated from primary human
monocytes, as well as in murine bone explants. This suggests that higher

concentration of RvD1 may be needed in order to inhibit bone resorption. The
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study also showed an inhibition of osteoclasts, however, this was not done in
human osteoclasts but with RAW 264.7 cells.

Due to differences between osteoclasts differentiated from monocytes and pre-
DCs, the effect of SPMs was also tested in pre-DC-derived osteoclasts. Overall, no
effect of SPMs was observed on osteoclastogenesis from pre-DCs differentiated
from leukocyte cones. Notably, due to very low pre-DC counts in whole blood, the
experiments were done with leukocyte cones, however, it was not possible to
investigate the effect of SPMs in RA osteoclasts as cones are only available for
healthy blood. SPMs were added on day 4 or 5, however, this time-point may be
too late to observe an effect as osteoclasts from pre-DCs differentiate faster than
from monocytes and by day 5, mature osteoclasts are visible. Therefore, an earlier
time-point may be more effective. Another, and more likely reason for no effect
of SPMs on pre-DCs can be due to their different phenotypes or varying expression
of SPM receptors. FPR2 receptor (RvD1, 17-HDHA, and MaR1 receptor) was not
expressed on osteoclasts derived from pre-DCs at all, while CMKLR1 (RvVE1, 17-
HDHA receptor) and LTB4R (RvE1, MaR1 receptor) were only slightly expressed,
with LTB4R showing higher expression (figure 3.8; table 3.4). Low expression of
these SPM receptors could be the reason why none of these SPMs showed an effect
on osteoclastogenesis. Notably, SPM receptor expression at protein level was not
evaluated on osteoclasts from pre-DCs, therefore, only their RNAseq transcript

expression can be compared.

Additionally, when comparing monocyte-derived osteoclasts, LTB4R expression at
the protein level was significantly higher in healthy compared to RA osteoclasts
while CMKLR1 was similarly expressed in healthy and RA osteoclasts. The higher
expression of LTB4R receptor in healthy than in RA also suggests that even though
RVE1 interacts with both receptors (LTB4R and CMKLR1), LTB4R may be the main
receptor for monocyte-derived osteoclast inhibition. This could explain why RvE1
did not have an effect on monocyte-derived osteoclastogenesis in RA. This also
corresponds with Herrera et al. (2008) who suggested that LTB4R receptor is the
main receptor responsible for modulation of osteoclastogenesis by RvE1. On the
other hand, RvD1 most likely inhibited osteoclastogenesis in RA via FPR2 receptor,
as its other receptor GPR32 was not expressed on monocytes or osteoclasts. This
was also reported by Benabdoun et al. (2019) who confirmed that RvD1 apart from

GPR32 also signals via FPR2 receptor, as its silencing resulted in higher
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osteoclastogenesis and bone resorption. Additionally, it is not entirely clear why
RvD1 inhibits osteoclastogenesis in RA but not in healthy donors as the protein
expression of FPR2 on osteoclasts was expressed in both conditions. Notably, only
one isoform of FPR2 was tested at the protein level, therefore, it is possible that
if another isoform is responsible for binding the FPR2 receptor and for functional

outcomes of RvD1, it cannot be detected with the antibody/western blot.

Gene transcript expression of healthy and RA osteoclasts in the presence of SPMs
under inflammatory conditions was also investigated in order to get an insight into
the osteoclastogenic and inflammatory pathways. Despite the RvE1’s inhibitory
effect on osteoclasts under TNF-driven conditions in healthy osteoclasts, it slightly
enhanced the gene expression of NFATc1, which plays a key role in osteoclast
fusion, activation, differentiation and bone resorption via TRAP, DC stamp and
Cathepsin K (Zhao et al., 2010; Kim & Kim, 2014; Wehrhan et al., 2019). However,
the fold-change was not bigger than 2, which suggests very subtle and non-
significant differences in the presence of SPMs. The reason for slight increase in
NFATc1 and inhibition of osteoclasts with RvE1 could also be due to histone
modifications. If a repressive modification was present on NFATc1 promoter, it
would lead to transcriptional silencing, blocking the activation of the promoter,
thus could explain inhibition of osteoclastogenesis (Rohatgi et al., 2018;
Woolcock, 2022). Additionally, as reported by Zhu et al. (2013), RvE1 did not have
a significant effect on NFATc1 protein expression, however, RvVE1 decreased its
binding to the DC-stamp promoter. This shows that RvE1 can act in the nucleus by
regulating DC-stamp thus decrease osteoclastogenesis and osteoclast fusion.
However, the effect of RvE1 on DC-stamp was not observed in these experiments.
Notably, the mentioned study used murine bone marrow cells, where 10 nM (~3.5
ng/ml) of RvE1 was used, with the highest inhibition observed after 4 days of
continuous incubation with RvE1. Surprisingly, RvD1 did not have a significant
effect on gene transcripts despite its inhibition of osteoclastogenesis in RA
samples. However, despite its non-significance, OSCAR, NFATc1, and PU.1
expression was slightly decreased in all 3 donors, which corresponds with the
functional outcomes. Therefore, as mentioned above, different time-points should
be tested.
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For future work, fusion of osteoclasts can be tested with live imaging to
investigate whether the inhibition of osteoclasts by SPMs prevents the fusion of
pre-osteoclasts or whether a different mechanism is involved. Additionally, mono-
and binuclear cells in osteoclast cultures can be counted to observe whether lower
number of osteoclasts correlates with higher number of osteoclast precursors,
evaluating the levels of osteoclastogenic fusion. Next, fluorescent bone resorption
assay kit (Cosmo Bio USA) can be used to determine bone resorption in the
presence of SPMs. Additionally, higher SPM concentrations can be tested to assess
the effect of RvE1 and RvD1 on bone resorption in healthy and RA osteoclasts,
respectively. Furthermore, the effect of SPMs on DC-derived osteoclasts can be
evaluated at earlier time-point (day 3) as the addition on day 4 and 5 may be too
late to observe an inhibitory effect. To get a deeper understanding of the
mechanisms and signalling pathways responsible for functional outcomes of SPMs,
experiments involving for example various SPM receptor inhibitors, gene silencing
via small interfering RNA (siRNA), overexpression of a specific receptor, or CRISPR-
cas9 would have to be conducted. Downstream pathways can also be investigated
after the SPM receptor activation, however many of these SPM receptors modulate
the same pathways, which can make the analysis challenging. Finally, the effect
of SPMs on osteoclastogenic genes was only tested at one time-point, therefore,
for a better understanding of the effect of SPMs on the transcript of these genes,
various time-points can be tested as some genes <can be
upregulated/downregulated in less or more than 24h after the SPM addition (day

6), which was the time-point used in this thesis.

In summation, this work provides novel insights into the inhibitory effects of RvE1
and RvD1 on osteoclastogenesis under TNF-driven conditions in healthy and RA
osteoclasts. This was the first time the effect of SPMs was tested on osteoclasts
differentiated from primary human cells. The results suggest that RvE1 can inhibit
osteoclastogenesis in the presence of TNF in healthy donors likely via LTB4R, with
the additional signalling through CMKLR1. Additionally, RvD1 inhibited
osteoclastogenesis under inflammatory conditions in RA, which was done
presumably via FPR2 receptor. Notably, no effect of SPMs was observed on
osteoclasts differentiated from healthy pre-DCs, most likely due to low SPM
receptor expression. Additionally, a potential inhibitory effect of RvE1 on bone

resorption has also been observed, however, these results were very donor
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dependent. Based on power calculation, a minimum of 743 patients are required
for 80% power, assuming a 5% significance level using 2-tailed test. Notably, this
sample size is not feasible and indicated that these results are insignificant. RvD1

did not inhibit bone resorption in RA osteoclasts.

This work also investigates various osteoclastogenic gene expression in order to
uncover the mechanisms of action of SPMs, however, no significant effect of any
of the SPMs was observed. Overall, none of the SPMs showed an inhibitory effect
on osteoclastogenic genes, thus, different mechanism is involved in osteoclast
inhibition with RvE1 and RvD1. As osteoclasts are highly metabolic cells and
metabolic alterations were observed in RA myeloid compartment when compared
to healthy monocytes (McGarry et al., 2021), the link between osteoclast

inhibition and metabolism is further observed in chapter 5.

4.4 Conclusion

This chapter focused on the activity of SPMs on osteoclasts in health and RA. Even
though these SPMs are still in their early stage of investigation, they are emerging
as novel potential therapeutics which could cease inflammation and restore the
balance between osteoclasts and osteoblasts thus prevent further
osteoclastogenesis and bone erosion in RA. The results showed that RvE1 inhibits
osteoclastogenesis under TNF-driven conditions in healthy donors, while RvD1
inhibits osteoclast differentiation in patients with RA. However, no effect on bone
resorption was observed. Additionally, no effect of SPMs was observed on
osteoclasts differentiated from DC precursors. More research is now needed to
elucidate the mechanism of actions of SPMs in osteoclasts and their resolution
pathways. Notably, osteoclasts are highly metabolically active cells, therefore it
is necessary to understand metabolic differences in health and RA as there is
limited research when it comes to metabolism of osteoclasts in the presence of
SPMs. Moreover, SPMs have shown an effect on mitochondrial respiration in murine
macrophages (Calderin et al., 2022), therefore the effect of SPMs on metabolism
needs to be studied in order to understand downstream pathways, which could
potentially be targeted in order to decrease inflammation, osteoclastogenesis,

and bone resorption in RA.
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Chapter 5 Metabolism of osteoclasts and their

precursors in health and rheumatoid arthritis

5.1 Introduction

Glucose is the main source of energy for cellular metabolism and can be further
catabolised by the following processes: glycolysis, Krebs cycle (also known as
tricarboxylic acid (TCA cycle)), and oxidative phosphorylation (OXPHOS). As a
result, adenosine triphosphate (ATP), an energy-carrying molecule, is formed
(Bonora et al., 2012). Glycolysis produces far less ATP then OXPHOS, with the final
product of 2 ATP molecules compared to 30-32 ATP molecules generated by
OXPHOS. ATP in glycolysis is produced by the conversion of glucose into 2
molecules of acetyl coenzyme A (acetyl coA) via a series of reactions. Acetyl coA
then enters the Krebs cycle, generating 2 ATP molecules, 6 nicotinamide adenine
dinucleotide (NADH) molecules and 2 flavin adenine dinucleotide (FADH;)
molecules and 2 carbon dioxide (CO2) molecules (Sanchez-Lopez et al., 2019).
NADH and FADH; further enter the electron transport chain (ETC, also known as
respiratory chain), where a proton gradient across the inner membrane is created
by proton pumping (reviewed in Arnold & Finley, 2023). These protons are carried
to the mitochondrial matrix via ATP synthase with a concentration gradient
generating larger amount of ATP molecules as a part of OXPHOS (figure 5.1). The
number of ATP molecules is dependent on the flow of protons through the ATPase
and electron transport, therefore the number of ATP molecules differs (Deshpande
& Mohiuddin, 2022).

As a result of activity of proton pumps, mitochondrial membrane potential is
generated. Its role is to store energy, which is used by ATP synthase for the ATP
production in the process of OXPHOS. As a result, mitochondrial membrane
potential is reduced. On the other hand, if the ATP synthase rotates in the other
direction, ATP can be hydrolysed and mitochondrial membrane potential can be
generated (Zorova et al., 2018). The mitochondrial membrane potential is a key
player in ETC and is essential for maintaining homeostasis of the mitochondria by
maintaining an electrochemical gradient needed for the production of ATP
(Baranov et al., 2021; Vasan et al., 2022; Zorova et al., 2018). If the mitochondrial

membrane potential is disrupted, it leads to mitochondrial dysfunction and can
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further cause the loss of viability, apoptosis, higher reactive oxygen species (ROS)
production, or different pathologies, like RA (Gutiérrez et al., 2017; Liu et al.,
2021; Ma et al., 2022; Promila et al., 2023). Additionally, hypoxia or inflammatory
factors like TNF or IFN gamma in the synovial environment can lead to mutations
in mitochondrial DNA, which can further lead to higher ROS production (Harty et
al., 2011; Ma et al., 2022). These alterations can contribute to cellular damage
including inflammation and the development of RA (Fearon et al., 2016; Ma et al.,
2022). However, the mechanism behind mitochondrial dysfunction in RA is not
well understood (Ma et al., 2022; Zorova et al., 2018).

Even though glycolysis is much less effective in the production of ATP compared
to OXPHOS, it is the preferred metabolic pathway for many fast-proliferating cells
like cancer cells or in various inflammatory conditions like RA under hypoxia,
which is common in inflamed joints due to large number of cells (Sanchez-Lopez
et al., 2019; Soto-Heredero et al., 2020). Additionally, higher ATP production by
glycolysis under hypoxia can contribute to a higher cell proliferation,
osteoclastogenesis, and bone resorption in RA (Ganapathy-Kanniappan &
Geschwind, 2013). As RA patients exhibit enhanced utilisation of glycolytic
pathways compared to healthy individuals, it has been speculated whether glucose
metabolism could be considered a target for RA. Additionally, compared to
healthy cells, RA CD14* monocytes are metabolically reprogrammed to become
inflammatory macrophages, which exhibit an altered metabolism resulting in
upregulated glycolysis, higher oxygen consumption, higher mitochondrial mass,
increased mitochondrial respiration, and enhanced ATP synthesis, indicative of

increased mitochondrial activity (McGarry et al., 2021).

Despite prior research suggesting metabolic alterations in RA compared to healthy
myeloid compartment (McGarry et al., 2021), there is only limited research on the
metabolism of osteoclasts and their precursors in RA compared to healthy
individuals. Additionally, the mechanisms of action responsible for the altered
metabolic state in RA compared to healthy cells remain unknown. Therefore, the
aim of this chapter was to elucidate the drivers of this altered metabolic state in
RA compared to healthy monocytes and understand the metabolic changes in
osteoclasts and their precursors and to observe the effect of SPMs on metabolism.

Thus, the expression of 7 metabolic enzymes, namely glucose transporter 1
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(GLUT1), Acetyl-CoA carboxylase 1 (ACC1), Succinate Dehydrogenase Complex
Flavoprotein Subunit A (SDHA), Glucose-6-phosphate dehydrogenase (G6PD),
pyruvate kinase muscle isozyme (PKM), carnitine palmitoyltransferase 1A (CPT1A),
and cytochrome C (CytC) was investigated (figure 5.1). These enzymes are
involved in glycolysis, OXPHOS, fatty acid synthesis, which are SPM precursors,
and oxidation process, and their expression was compared in healthy and RA
monocytes (figure 5.1). Apart from metabolic enzymes, this chapter also explored
the effect of 4 metabolic dyes in monocytes, macrophages and osteoclasts, namely
2-NBDG (glucose uptake), BodiPy FL C16 (fatty acid uptake), MitoTracker Deep
Red FM (MitoTracker DR, mitochondrial mass), and TMRM (mitochondrial
membrane potential) (figure 5.1). Additionally, ATP and superoxide production
together with the mitochondrial oxygen consumption, basal and maximal
respiration revealed the metabolic differences in healthy and RA osteoclasts and
their precursors. In summary, evaluation of the metabolism and metabolic
pathways in osteoclasts and their precursors was essential for the understanding

of their actions on osteoclastogenesis and bone resorption.



138

Glycolysis
1
MCT GLUT1 Cytoplasm

'
—G6PD . pentose-phosphate pathway
$

Fructose-6P | —— Hexosamines

O\
= — Glycerol
NAD"
NADH/H* 31
+
_—

Phosphoenolpyruvate

NAD* NADH/H* l PKM

Aerobic
glycolysis

Serine, glycine, one-carbon
metabolism

Ui Lipolysis T
beta oxidation

CPT1A

(Chcetyicon ) ———— ((Acylcemitine | g——— [AcylCoA] 4— ((PUFA) €— ((WalonyiGon)
*‘ (Citate) ————————— > [ J Acct

NAD T
=
acid
=,
/{ Krebs Cycle L

a-Ketoglutaric acid | @— [ Glutamate] <+ [ Glutamine
Products
FADHZ&

Co,
NAD*

2 ATP

6 NADH

FAD NADH
2FADH, Succinyl
CoA
4co,
ATP ADP
NADH Cytoplasm
FADH, 00000000000000000000000000000000000000000000000000( pee
Outer
membrane
oo eevwvdtt000000000000000000000000000000000000 poe
Intermembrane
space aH aH
CcoQ
! ] 00000000 e0000
Inner
membrane ] A¥Ym
oovoveevee ® 0 ...l
FAD FADH,
Mitochondrial _
matrix SDHAY
NADH NAD* .
+2H* Succinate Fumarate [2H +1/20; + . HZOJXZ
+2H ADP

OX|dat|ve
phosphorylation

Electron Transport Chain

Figure 5.1 The metabolism of glucose including glycolysis, Krebs cycle, electron transport
chain, and OXPHOS.

Glycolysis results in 2 ATP molecules, 2 NADH molecules and 2 pyruvates, which then enter the
Krebs cycle. Krebs cycle generates 1 ATP, 3 NADH, 1 FADH2 and 2 CO2 molecules, which is doubled
as 2 pyruvate molecules are generated and each of them enters the Krebs cycle. The produced
NADH and FADHz molecules are further used in electron transport chain (ETC) as electron donors.
Electrons then move in the inner membrane via protein complexes (I-1IV) to pump protons across
the inner membrane creating proton gradient and mitochondrial membrane potential (AWm),
which are necessary for the ATP production via ATP synthase in the OXPHOS process. Metabolic
enzymes targeted in further experiments are marked with a yellow star. Made in BioRender.
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5.2 Results

5.2.1Metabolic changes in health and RA

Prior research has shown discrepancies in metabolic states between healthy and
RA myeloid compartment (Fearon et al., 2022; Hanlon et al., 2022; McGarry et
al., 2021; see section 5.1), however, the metabolic alterations in healthy and RA
osteoclasts and their precursors are not well understood. To investigate whether
particular aspects are altered and are thus contributing to the prior observations,
CD14* monocytes were stained with different metabolic enzymes with distinct role
in glucose metabolism, including glycolysis (GLUT1, PKM), pentose-phosphate
pathway (G6PD), ETC/OXPHOS (SDHA, CytC), and lipid metabolism (ACC1, CPT1A).
The staining of metabolic enzymes was conducted in order to understand whether
they are perturbed and contribute to the altered metabolic set-points.
Additionally, cells were also stained with metabolic dyes measuring glucose
uptake (2-NBDG), fatty acid uptake (Bodipy C16), mitochondrial mass/number of
mitochondria (Mitotracker DR), and mitochondrial membrane potential (TMRM).

All the enzymes and dyes were compared to single-stained and unstained controls

and the cells were gated as live singlets (figure 5.2).

[] Unstained cells

[[] Single stained cells for
metabolic dyes/enzymes

CD14* monocytes were gated as single, live cells (Zombie NIR negative). An example of 1 metabolic
dye (2-NBDG) and 1 metabolic enzyme (Glut1) is shown based on single-stained cells (red)
compared to unstained cells (blue). SSC-A - side scatter area, FSC-A - forward scatter area, FSC-H
- forward scatter height.

In initial experiments, the expression of the above-mentioned metabolic enzymes
was tested in healthy and RA monocytes (figure 5.3). Despite some donor
variability, the overall enzyme expression in healthy and RA samples was

comparable suggesting similar expression. Therefore, based on these findings it is
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unlikely that published metabolic differences between healthy and RA monocytes

(McGarry et al., 2021) are due to the altered expression of these enzymes.
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Figure 5.3 Metabolic enzyme expression in healthy and RA monocytes.

Geometric mean fluorescence intensity (GeoMFl) was measured for Glut1, ACC1, SDHA, G6PD,
PKM, CPT1a and CytC in healthy (HC, purple bars) and RA (blue bars) monocytes (n=4). Parametric
unpaired t-test was used to establish significance, after the samples passed the Shapiro-Wilk’s
normality test. None of the results were significant. Individual dots represent individual donors.
Error bars show mean+SD.

After no significant differences in the expression of metabolic enzymes in healthy
and RA monocytes, further work was no longer focused on exploring the
mechanism of actions responsible for the altered metabolic state in RA monocytes
mentioned by McGarry et al. (2021) but was rather focused on overall metabolic
changes. Therefore, to investigate and confirm prior observations that there are
differences in metabolic states between healthy monocytes and those from RA
patients, studies were undertaken using metabolic dyes. Specifically, RA
monocytes showed significantly higher glucose and fatty acid uptake and
enhanced mitochondrial membrane potential compared to healthy monocytes.
Additionally, they also exhibited significant increase in the signal intensity for
Mitotracker DR, suggesting either higher number of mitochondria or larger
mitochondria. However, further experiments would be required for clarification;
therefore, for simplicity, an increased Mitotracker DR intensity will be referred to
as “increase in mitochondria”. Overall, this suggests that RA monocytes are more

metabolically active than healthy monocytes despite similar expression of
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metabolic enzymes (figure 5.4). Consistent with McGarry et al. (2021), higher
uptake of MitoTracker dye was observed, showing an increase in mitochondria.

The other parameters were not measured in the mentioned study.
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Figure 5.4 Metabolic dyes in healthy and RA monocytes.

Geometric mean fluorescence intensity (GeoMFl) was measured for 2-NBDG, Bodipy C16,
MitoTracker DR, and TMRM metabolic dyes on healthy (HC, purple; N=9) and RA (blue; N = 9) live
monocytes. Statistical significance was assessed via Mann-Whitney unpaired non-parametric test,
after a failed Shapiro-Wilk’s normality test: **p < 0.002, ***p < 0.0005.

After observing and confirming the metabolism of monocytes, the metabolism of
macrophages and osteoclasts was also studied to find out whether the metabolic
changes are retained throughout cellular differentiation to alternative maturation
states. It should be noted, that within the experimental setup, the number of
donors per condition varied due to several factors. For instance, as PBMCs were
frozen prior to the experiments, several donors took longer to differentiate into
osteoclasts with some of them not being able to differentiate into osteoclasts at
all. Therefore, these donors were excluded from the analysis. Similarly, conditions
with very few/no cells after gating were excluded. Notably, RA donors were more
robust than healthy donors, were better at differentiating into osteoclasts, and
were less likely to die, despite the same isolation and storing procedure. To assess
the uptake of various metabolic dyes in osteoclasts and pre-osteoclasts, cells were
gated as live, single cells (figure 5.2). As it is not possible to fully separate mature
osteoclasts from their precursors in cell cultures, both populations were included

in the analysis.

The results showed that in both mature macrophage and osteoclast, glucose and
fatty acid uptake was significantly increased in RA compared to healthy donors

(figure 5.5 A, B). In contrast, no significant differences were observed in
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mitochondrial

membrane potential and mitochondrial

mass/number of
mitochondria between healthy and RA macrophage (figure 5.5 A) and osteoclast

(figure 5.5 B).

Overall, despite no difference in metabolic enzyme expression, RA monocytes
showed a significant increase in glucose uptake, fatty acid uptake, mitochondrial
membrane potential and increase in mitochondria, suggesting that RA monocytes
might be more metabolically active. Additionally, higher glucose and fatty acid

uptake was maintained throughout the differentiation into macrophages and

osteoclasts.
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Figure 5.5 Comparison of metabolic dyes in healthy and RA macrophages and osteoclasts.
Geometric mean fluorescence intensity (GeoMFI) of 2-NBDG, Bodipy C16, MitoTracker DR, and
TMRM was measured for healthy (HC, purple; N=4) and RA (blue; N=7-8) macrophages (A) and
osteoclasts (B) in the live, singlet population. Statistical significance was measured with the
unpaired parametric t-test after the samples passed the normality test. Significance is shown with
an asterisk; *p < 0.05, **p < 0.005, ***p < 0.0005, ns - not significant. Individual dots represent
individual donors. Error bars show mean+SD.

5.2.2ATP production in healthy and RA monocytes and the

impact of SPMs stimulation

After observing a difference in the metabolism of osteoclasts and their precursors,
overall ATP production was measured to investigate whether its expression differs

in health and RA, and in different cell types. The results showed comparable ATP
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levels in healthy and RA monocytes (figure 5.6 A). To understand the balance
between glycolysis or OXPHOS with regards to ATP production in the myeloid
compartment, oligomycin and 2DG inhibitors were added. Oligomycin (OXPHOS
inhibitor) and 2DG glucose analogue (glycolysis inhibitor) were added individually
or in a combination as controls. The data showed higher ATP production in the
presence of oligomycin than compared to 2DG at 10 or 100 ng/ml, which suggests
that both, healthy and RA monocytes, use primarily glycolysis. Additionally, RA
monocytes showed slightly higher ATP production via glycolysis compared to
healthy monocytes, however, this difference was not significant (figure 5.6 A).
SPMs were also added to observe whether they can regulate ATP production,
however, no difference in either healthy or RA monocytes in the presence of SPMs

was observed (figure 5.6 B, C, respectively).
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Figure 5.6 ATP production in healthy and RA monocytes.

A - ATP production with glycolysis and OXPHOS inhibitors (2DG and oligomycin, respectively)
compared to the monocyte control with added ethanol as a vehicle (moV). 2DG was added at 10
mM, 100 mM, while oligomycin was added at 1 pM. The controls were also added in combination
with 100 mM of 2DG and 1 pM of oligomycin. B - ATP production in healthy monocytes with the
addition of 10 ng/ml of SPMs, namely RvD1 (moD1), RvE1 (moE1), 17-HDHA (mo17), MaR1 (moMaR),
and their combination (moAll) compared to their monocyte control with added vehicle (moV). C -
ATP production in RA monocytes with the addition of 10 ng/ml of individual SPMs and their
combination compared to their monocyte control with vehicle (moV). Paired t-test was conducted
for statistical significance after passing the Shapiro-Wilk’s normality test, however, all results
were non-significant (n=3 for healthy and RA).
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To further elaborate on the metabolism of osteoclasts, the overall ATP production
was measured under TNF-driven conditions, however, similarly to monocytes, no
difference between healthy and RA osteoclasts was observed, and similarly to
monocytes, the ATP production was mostly driven by glycolysis (figure 5.7 A).
Additionally, no effect was observed with any of the SPMs in healthy or RA
osteoclasts, either (figure 5.7 B, C, respectively). The effect of SPMs on
macrophages was not tested due to limited number of cells and donors and also

because osteoclasts are the main focus of interest for this work.

In summary, there is no substantial difference in ATP production between healthy
and RA osteoclasts and monocytes. Similarly, none of the SPMs exhibited a notable

effect on ATP production.
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Figure 5.7 ATP production in healthy and RA osteoclasts.

A - ATP production with glycolysis and OXPHOS inhibitors (2DG and oligomycin, respectively)
compared to the osteoclast control differentiated with M-CSF, RANKL, TNF and vehicle (MRTV).
2DG was added at 10 mM, 100 mM, while oligomycin was added at 1 pM. The controls were also
added in combination with 100 mM of 2-DG and 1 pM of oligomycin. B - ATP production in healthy
osteoclasts with the addition of 10 ng/ml of SPMs, namely RvD1 (MRTD), RvE1 (MRTE), 17-HDHA
(MRT17), MaR1 (MRTMaR), and their combination (MRTall). Parametric paired t-test was conducted
for statistical significance after passing the normality test. No significant results were observed
(n=4). C - ATP production in RA osteoclasts with the addition of individual SPMs (n=4) and their
combination (N=3). Parametric paired t-test was conducted for statistical significance after passing
the normality test. No significant results were observed.
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5.2.3The effect of SPMs on mitochondrial superoxide production in

healthy and RA osteoclasts

Despite no effect of SPMs on the ATP production, the MitoSOX assay was conducted
on osteoclasts under TNF-driven conditions in the presence of SPMs to establish
their role on superoxide regulation. In explanation of the assay, after the
penetration of the dye into live mitochondria, the MitoSOX dye gets oxidised by
mitochondrial superoxide, which emits bright red colour. The brighter the signal,
the more superoxide is present. Notably, this technique only shows superoxide,
not other ROS or reactive nitrogen species (RNS). To measure the levels of other
ROS/RNS, different detection kits or fluorescent probes could be used (Gardiner
et al., 2020).

In healthy osteoclasts in the presence of TNF, RvE1 showed a significant effect on
the inhibition of superoxide with an average inhibition of 33.4+18.2%, varying from
12-64%. The other SPMs lead to a mixed effect on the superoxide production
(figure 5.8 A). The inhibition can also be observed in the representative
microscope images, where the addition of RvE1 noticeably decreased superoxide
levels resulting in less bright red colour compared to the control and the other
conditions. The image with the addition of RvE1 was also more comparable to the
negative control with very low signal, confirming its inhibitory effect (figure 5.8
B). Additionally, 17-HDHA also showed an inhibitory effect, resulting in less bright
microscope images, similar to the ones with RvE1, however, the results were not

significant.
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Figure 5.8 MitoSOX assay in healthy osteoclasts with the addition of SPMs.

A - MitoSOX mean intensity was measured for individual cells of every microscope image in the
presence of 10 ng/ml of SPMs, namely RvD1 (MRTD), RvE1 (MRTE), 17-HDHA (MRT17), MaRf1
(MRTMaR), and a combination of all SPMs (MRTall) compared to the osteoclast control
differentiated in the presence of 25 ng/ml of M-CSF, 25 ng/ml of RANKL, 10 ng/ml of TNF and
vehicle (MRTV). Parametric paired t-test was used for significance after passing the normality test;
*p < 0.05. B - Confocal microscope images of osteoclasts with MitoSOX dye. The brighter the colour,
the more superoxide is present in mitochondria. Menadione was used as a positive control, while
Mito-TEMPO was used as a negative control. All the SPMs were compared to the MRTV control.

Unlike in healthy osteoclasts, RvE1 did not inhibit superoxide production in RA
osteoclasts. However, RvD1 together with 17-HDHA lead to a significant decrease
of superoxide in osteoclasts in every RA donor. The inhibition with RvD1 resulted
in 36.4+12.4% decrease in the superoxide production ranging between 28.6-54.8%
while the addition of 17-HDHA showed 22.4+7.3% reduction with the span between
14-30% (figure 5.9 A). Therefore, the inhibition by RvD1 was slightly more
pronounced compared to 17-HDHA. Additionally, representative images are
shown, where the addition of RvD1 and 17-HDHA led to less bright signal than in
the control and other conditions (figure 5.9 B). The other SPMs including their
combination did not have an inhibitory effect in RA osteoclasts.
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Figure 5.9 MitoSOX assay in RA osteoclasts with the addition of SPMs.

A - MitoSOX mean intensity was measured for individual cells of every microscope image with
various 10 ng/ml of SPMs, namely RvD1 (MRTD), RvE1 (MRTE), 17-HDHA (MRT17), MaR1 (MRTMaR),
and a combination of all SPMs (MRTall). Osteoclasts differentiated in the presence of M-CSF,
RANKL, TNF, and vehicle (MRTV) were used as a control. Paired t-test was used for significance
after passing the normality test; *p < 0.05. B - Representative confocal microscope images of RA
osteoclasts with MitoSOX dye. The brighter the colour, the more superoxide is present in
mitochondria. Menadione was used as a positive control, while Mito-TEMPO was used as a negative
control. All the SPMs were compared to the MRTV control.

5.2.4The effect of SPMs on mitochondrial respiration in health
and RA

After certain SPMs showed an inhibitory effect on the production of superoxide,
the effect of SPMs was tested with a Seahorse Mito Stress assay conducted on
healthy and RA monocytes. The oxygen consumption rate (OCR) was measured for
mitochondrial respiration in live cells at baseline, and with the addition of
oligomycin (blocks ATP synthase), Carbonyl cyanide 3-chlorophenylhydrazone
(CCCP; uncoupling agent that disrupts mitochondrial membrane potential), and
the combination of rotenone and antimycin A (inhibitors of complex | and lll,
respectively) (Agilent.com). Based on these measurements, several parameters
providing more complex information about the mitochondrial function could be

calculated (figure 5.10):
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e Basal respiration - energetic demand of the cell at baseline

e ATP production - ATP produced by the mitochondria to meet the energetic
needs of the cell

e Proton leak - respiration not coupled to ATP production, can be a sign of
damaged mitochondria

e Maximal respiration - maximal respiratory rate the cell can achieve after
respiratory chain operates at its maximum

e Spare respiratory capacity - ability of the cell to respond to energetic
demand, which can show the cell’s fitness

e Non-mitochondrial oxygen consumption - it is important for assessing

mitochondrial respiration
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Figure 5.10 Seahorse cell mito-stress test for mitochondrial respiration.
The graph shows the calculations for different metabolic parameters like non-mitochondrial
oxygen consumption, basal respiration, maximal respiration, proton leak, ATP production and
spare respiratory capacity with the addition of oligomycin, Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP), and rotenone & antimycin A (Agilent.com).

The Seahorse data showed higher OCR production in healthy monocytes compared
to RA (5.11 A), however, it is important to mention that although the assay had 5-
6 technical replicates it is only based on 1 healthy and 1 RA donor. Initial data
showed that healthy monocytes had increased maximal respiration compared to
basal respiration, therefore their spare respiratory capacity was higher, which is
essential for the cell’s viability and the higher the value of this theoretical
maximum respiratory capacity, the better, as it gives the cell the ability to meet

higher energetic requirements. In contrast, RA monocytes appeared to be close to
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using their maximal capacity to respire as their basal and maximal respiration was
comparable (figure 5.11A). This suggests that RA monocytes have a very low spare
respiratory capacity, which could hinder their ability to cope with various forms
of stress. This could further affect ATP production and lead to cell death
(Marchetti et al., 2020).

Notably, the effect of SPMs differed in healthy and RA monocytes. In healthy
monocytes, all SPMs reduced OCR levels. Additionally, basal respiration, maximal
respiration, and the ATP production was decreased in the presence of the SPMs
(figure 5.11 B). In RA monocytes, however, only 17-HDHA and MaR1 decreased the
OCR levels, while RvE1 and RvD1 showed comparable OCR levels to the control.
Moreover, while 17-HDHA and MaR1 showed subtle inhibition in basal and maximal
respiration and ATP production, RvD1 and RvE1 did not have an effect on the
respiration and only subtly increased the ATP production (figure 5.11 C). The
effect of SPMs, however, was more pronounced in healthy compared to RA
monocytes. This shows that SPMs could have an impact on mitochondrial
respiration, however, their effect varies in health and RA and more donors are
needed for a better understanding.
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Figure 5.11 Cellular respiration in healthy and RA monocytes in the presence of SPMs.

A - Normalised oxygen consumption rate (OCR) values are shown for the healthy (HC) and RA
monocytes with vehicle control (moV). B - Calculated OCR parameters, namely basal respiration,
maximal respiration, and ATP production of healthy (HC) monocytes in the presence of SPMs
compared to the control (moV). C - OCR levels in RA monocytes in the presence of SPMs compared
to the monocyte control (MoV). The graphs were plotted using Prism 9 software as mean + SEM for
1 healthy and 1 RA donor with 5-6 technical replicates.

5.3 Discussion

This chapter focused on investigating the metabolism of healthy and RA
osteoclasts and their precursors, as it has been shown that the metabolism of
healthy and RA monocytes is very distinct (McGarry et al., 2021). Additionally,
based on the previous chapter, some effects of selected SPMs were observed on
osteoclastogenesis, where RvE1 and RvD1 inhibited osteoclast differentiation
under TNF-driven conditions in healthy and RA donors, respectively (see chapter
4). Therefore, understanding the metabolic changes is not only essential for
unravelling the mechanisms of action of SPMs but also for shedding light on the
interplay between metabolism and osteoclastogenesis in the context of health and
RA.
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The findings in this chapter revealed significant increase in glucose uptake, fatty
acid uptake, increase in mitochondria, and mitochondrial membrane potential in
RA compared to healthy monocytes, despite similar expression of metabolic
enzymes. The reason for a high glucose uptake but similar GLUT1 expression, for
example, could be due to various post-translational modifications, like
phosphorylation, which could make the receptor more active in RA compared to
healthy monocytes. This could explain why the expression levels in health and RA
are comparable, but glucose uptake is increased in RA and not in healthy
monocytes (Lemos Duarte & Devi, 2020) Additionally, there are several GLUT
isoforms, for example GLUT2, GLUT3, GLUT4, and GLUT5, which were not tested
in this thesis. Therefore, it is also plausible that the enhanced glucose uptake was
driven via these isoforms and not through the primary GLUT1 receptor (Sibiak et
al., 2022). In a study using human THP-1 cells, GLUT3 levels were higher in
monocytes than GLUT1 levels, while the other isoforms - GLUT2, GLUT4, and
GLUTS were not expressed (Fu et al., 2004). However, it was also shown that the
levels of GLUT1 and glucose uptake are increased in RA and other inflammatory
conditions such as SLE (Zezina et al., 2020), which would not be fully consistent
with the results observed in this thesis as GLUT1 was not increased in RA. Notably,
healthy and RA monocytes used for the metabolic assays were frozen prior to the
experiments, which might have also affected the metabolic response. Therefore,

for future work, fresh samples should be evaluated.

Additionally, the increase in glucose and fatty acid uptake in RA monocytes was
maintained throughout the differentiation into macrophages and osteoclasts. In
contrast, the mitochondrial mass/number of mitochondria and the mitochondrial
membrane potential remained comparable between healthy and RA osteoclasts
and macrophages. Notably, the osteoclast population used for the assessment of
metabolic dyes did not only consist of pure mature osteoclasts. As cells in
osteoclast co-cultures, namely osteoclasts, pre-osteoclasts and macrophages are
all OSCAR*, it is a technical limitation of this assay to distinguish different subsets
and look at the uptake of metabolic dyes only on osteoclasts (Bianco et al., 1987).
Overall, this comparison indicates that the differences in the mitochondrial
mass/number of mitochondria and the mitochondrial membrane potential

between healthy and RA cells diminish throughout the differentiation process.
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Interestingly, although RA monocytes exhibit enhanced metabolic activity, the
overall ATP production between healthy and RA monocytes was comparable with
no substantial differences observed. One hypothesis for similar ATP production in
healthy and RA monocytes despite higher glucose and fatty acid uptake, higher
membrane potential, and increased mitochondria in RA monocytes could be due
to higher utilisation of glycolysis compared to OXPHOS in RA monocytes. This
would suggest that even though RA monocytes have higher glucose uptake, they
rely more on glycolysis, which yields less ATP than OXPHOS. Even though the fatty
acid uptake and mitochondrial membrane potential was increased, which could
suggest higher activity in the process of OXPHOS, an increase in mitochondria,
possibly showing higher mitochondrial mass, was also more pronounced in RA
monocytes, which could mean mitochondrial impairment. This would be
consistent with McGarry et al. (2021), who observed bigger mitochondrial mass in
RA monocytes and linked it to mitochondrial dysfunction. Dysfunctional
mitochondria could then lead to limited ATP production, as ATP could be
hydrolysed, which would also explain higher mitochondrial membrane potential
(Zorova et al., 2018). Moreover, mitochondrial damage, caused by hypoxia or the
presence of inflammatory factors (e.g., TNF), could lead to higher ROS production
and lower ATP, which would also support these results of higher mitochondrial
activity in RA monocytes but similar ATP levels to healthy monocytes (Ma et al.,
2022). Another study tested monocytes and macrophages from coronary artery
disease, which showed predisposition of these cells to promote inflammation by
elevated glucose consumption, ATP production and cytokine release compared to
healthy cells (Shirai et al., 2016). However, in this thesis, no difference in overall
ATP levels was observed between healthy and RA monocytes, therefore, another
hypothesis, besides mitochondrial dysfunction, could be that RA cells show higher
energetic demands than healthy cells. Thus, as they are primed to become
inflammatory macrophages, it is possible that they produce more ATP but also use
more ATP, which could then result in similar overall ATP levels between RA and
healthy cells. This hypothesis could also be supported by the data from Seahorse
showing that RA monocytes operate at their maximum capacity, suggesting they
are more active (Agilent.com). However, only 1 healthy and 1 RA donor was

tested, therefore additional experiments are required to fully test this hypothesis.
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The observations in monocytes were also reflected in the osteoclast compartment,
where no difference in the ATP production was observed in osteoclasts derived
from healthy or RA individuals. This could be due to reprogramming of the
metabolism of RA osteoclasts where they switch to higher glycolysis despite having
enough oxygen, which would lead to the production of lactate (Ghanbari Movahed
et al., 2019). This is known as the Warburg effect and is common in cancer cells
or fast-proliferating cells. It only results in 2 ATPs and reduced ROS production as
OXPHOS is not the main pathway of glucose utilisation. Increased glucose uptake
could instead of ATP also be used for the synthesis of amino acids for proliferation
and cell growth (Ghanbari Movahed et al., 2019). In summation, further
experiments are needed to fully comprehend why ATP production remains
comparable in health and RA, despite higher metabolic activity of RA cells. Finally,
no effect of SPMs was observed on ATP production in osteoclasts and monocytes,

suggesting that SPMs do not alter the overall production of ATP.

Despite no effect of SPMs on ATP production, RvE1 exhibited an inhibitory effect
on superoxide production in healthy osteoclasts under TNF-driven conditions
(33.4+18.2%). Superoxide is the main ROS and is highly produced in inflammatory
conditions like RA or during joint inflammation (Lee et al., 2021). It is mostly
generated from the ETC in mitochondria and too much production can lead to
joint destruction, cell damage, articular degeneration, pain, or various chronic
diseases (Indo et al., 2015; Lee et al., 2021). Therefore, the inhibition of
superoxide in mitochondria can reduce inflammation and further joint destruction
(Di Cesare Mannelli et al., 2013). Interestingly, in RA osteoclasts, RvE1 did not
have an effect on superoxide inhibition, however, RvD1 and 17-HDHA managed to
reduce the production of superoxide. RvD1 inhibited its release by 36.4+12.4%,
while 17-HDHA by 22.4+7.3%, suggesting that it could have an impact on the
metabolic activity of the cells. A similar pattern of the actions of RvE1 and RvD1
was observed in the previous chapter (chapter 4) where RvE1 showed an inhibitory
effect in healthy osteoclasts, while RvD1 inhibited osteoclastogenesis in RA
osteoclasts under TNF-driven conditions. These results may suggest a link between
reduced superoxide production and the ability of these SPMs to inhibit

osteoclastogenesis.
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The effect of SPMs on metabolism was also further studied with Seahorse
experiments, where some differences were observed between their effect in
healthy and RA monocytes, although only 1 healthy and 1 RA donor was tested.
The results showed more pronounced effect on healthy compared to RA
monocytes, where in RA monocytes RvE1 and RvD1 did not influence basal and
maximal respiration, and only had a subtle effect on mitochondrial ATP
production, while in healthy monocytes all SPMs showed an inhibitory effect on
mitochondrial respiration and ATP production. The reason why RvE1 and RvD1
showed no effect on respiration in RA could be due to inflammatory environment,
because of which RA monocytes were primed to become inflammatory cells, which
could overrule the effect of SPMs, thus showing less pronounced effect compared
to healthy. Additionally, mitochondrial dysfunction that is often associated with
RA patients and was also suggested based on the results from metabolic dyes
described above could be another reason why RA monocytes were less prone to
the actions of SPMs (Panga et al., 2019). However, more donors would be needed
for a better understanding of the actions of SPMs on mitochondrial respiration.
Due to time and cell limitations, it was not possible to fully investigate all aspects
within this thesis, and thus it would be interesting to investigate mitochondrial
respiration of healthy and RA osteoclasts and the effect of SPMs in osteoclasts and
their precursors. It would also be worth using the metabolic dyes and metabolic
enzyme assays in osteoclasts and their precursors in the presence of SPMs, to
explore the effect of SPMs on mitochondrial metabolism and their mechanisms of

action in health and RA.

5.4 Conclusion

In conclusion, RA monocytes demonstrated enhanced metabolic activity, and this
difference in glucose and fatty acid uptake persisted throughout their
differentiation into macrophages and osteoclasts. While RA monocytes also
showed higher mitochondrial membrane potential and increase in mitochondria
compared to healthy monocytes, these differences were no longer observed in
differentiated cells. Despite the increased metabolic activity in the RA myeloid
compartment, no changes were observed in the expression of metabolic enzymes
or ATP production when compared to healthy cells. Nevertheless, higher

metabolic state may suggest increased inflammation, osteoclastogenesis and bone
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resorption in RA patients. Additionally, when testing the effect of SPMs, RvE1
significantly decreased the production of superoxide in healthy osteoclasts under
TNF-driven conditions, while RvD1 and 17-HDHA inhibited superoxide levels in RA
osteoclasts when exposed to TNF, which might be beneficial in reducing
osteoclastogenesis and inflammation. Further investigations are required to
determine the drivers of this altered state and reveal potential novel pathways
that could be therapeutically targeted to simultaneously mitigate inflammation

and bone erosion.
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Chapter 6 General discussion

Rheumatoid arthritis is a chronic autoimmune disease with an estimated overall
prevalence of 0.81% in adults in the United Kingdom, where women are affected
approximately three times more than men (ratio of 2.7:1) (Gardiner et al., 2018).
To date, there is no effective cure for RA and current therapeutics are not
efficacious in all individuals, therefore, several studies have focussed on the
effect of pro-resolving mediators, which could lead to the remission of symptoms.
Specialised pro-resolving mediators have shown the potential to resolve
inflammation, reduce bone resorption and osteoclast differentiation, protect from
oxidative stress, inhibit pro-inflammatory cytokines, and enhance healing,
however, their mechanism of action, is not well understood (Funaki et al., 2018;
Norling et al., 2016; Leuti et al., 2019; Chiang & Serhan, 2020; Ali et al., 2021).
Moreover, they are naturally produced, therefore, they are not
immunosuppressive, which is a major concern for side effects of current biologics
like anti-TNF therapies (Fattori et al., 2020; Serhan, 2017; Norling et al., 2016).

This thesis initially investigated the expression of known SPM receptors (mainly
CMKLR1, FPR2, and LTB4R) on monocytes and osteoclasts, as to this date, there is
only limited research on SPM receptors, especially in osteoclasts differentiated
from primary human cells. RNAseq analysis revealed differences between healthy
and RA monocytes with CMKLR1 exhibiting significantly higher expression in
healthy monocytes, FPR2 showed significantly increased expression in RA, and
LTB4R was similarly expressed (chapter 3). When these SPM receptors were tested
at the protein level by western blot, significantly higher expression of LTB4R was
noted in healthy monocytes and osteoclasts, while CMKLR1 and FPR2 were
similarly expressed. This led to the hypothesis that SPMs binding to LTB4R,
specifically RvE1 and MaR1, might have more pronounced effect in healthy than

in RA monocytes and osteoclasts; assuming LTB4R is their primary receptor.

Once the SPM receptors were investigated, further experiments were focused on
the effect of four SPMs, namely RvE1, RvD1, MaR1 and 17-HDHA. Notably, previous
studies have shown that RvE1 and RvD1 have an effect on the inhibition of
osteoclastogenesis, however, their impact has not been tested on osteoclasts

differentiated from healthy and RA primary human cells (RvE1 - Kholy et al., 2018;
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Funaki et al., 2018; Herrera et al., 2008; RvD1 - Benabdoun et al., 2019; Yuan et
al., 2010; Klein et al., 2022). Additionally, to the best of my knowledge, the effect
of 17-HDHA and MaR1, has not been previously tested in regards of
osteoclastogenesis, however, DHA, which is their precursor was shown to be able
to inhibit osteoclastogenesis in cell lines (Boeyens et al., 2014; Xie et al., 2019),
murine models (Kishikawa et al., 2019; Ma et al., 2023), and osteoclasts
differentiated from primary human cells (Kasonga et al., 2015). Therefore, work
in this thesis aimed to explore the potential of these SPMs on inhibiting osteoclast
differentiation from primary human cells. The findings showed that none of the
selected SPMs exhibited a significant effect on osteoclastogenesis under steady-
state conditions (no TNF) in healthy or RA osteoclasts. However, in the presence
of TNF, RVE1 inhibited osteoclastogenesis in healthy osteoclasts (15.01+6.65%
inhibition), possibly due to the prevention of pre-osteoclast fusion as reported by
Zhu et al. (2013), who tested an effect of RvE1 in in vitro murine models, but
further experiments would be needed for confirmation. Interestingly, RvE1’s
inhibitory effect was not observed in RA osteoclasts, while RvD1 showed inhibitory
actions on osteoclast differentiation in the presence of TNF in RA osteoclasts
(15.58+2.43% inhibition) but had no effect in healthy cells (chapter 4). The SPM’s
inhibitory effect in the presence of TNF might be attributed to TNF-induced
upregulation of several inflammatory pathways like NF-kB, MAPK, ERK, pI3K, JNK,
p38, and AKT (Luo et al., 2018; Zha et al., 2018, Lee et al., 2001; Kitaura et al.,
2022). RvE1 and RvD1 as pro-resolving lipids have the ability to inhibit these
pathways in order to reduce inflammation and osteoclast differentiation. For
example, RvE1 and RvD1 can signal via MAPK/ERK and PI3K/AKT to block NF-kB,
therefore these SPMs might be more effective once these pathways are
upregulated (Kholy et al., 2018; Funaki et al., 2018; Li et al., 2020; Keinan et al.,
2013). To fully investigate this, new studies should be undertaken to evaluate the

associated signalling cascades.

Additionally, RvE1 and RvD1 were assessed for their impact on bone resorption,
however, the results were non-significant. It is possible that RvE1 could have a
potential to inhibit bone resorption, as it reduced bone resorption in 3 donors and
1 donor remained unchanged, however due to heterogeneity of healthy and RA
individuals, more donors would be needed for confirmation. Notably, this was

tested with calcium phosphate coated plates, which were discontinued, therefore



158

the experiments could not be repeated with more donors. This was in contrast to
previous studies, where RvE1 showed inhibitory effect on bone resorption. This
was observed in murine osteoclasts differentiated on dentin slices and RAW264.7
cells differentiated on calcium-phosphate plates, however, higher concentration
of SPMs was used (Herrera et al., 2008; Funaki et al., 2018). RvD1 has also
previously shown an inhibitory effect on bone resorption using osteoclasts
differentiated from primary human monocytes on hydroxyapatite matrix, as well
as in murine bone explants (Benabdoun et al., 2019). Notably, these studies used
much higher concentrations than the one used in this thesis (500 nM compared to
26.6 nM (10 ng/ml)), therefore, higher concentration of SPMs could be tested in
future experiments. Furthermore, SPMs are dissolved in ethanol, which was one
of the reasons why a lower concentration of SPMs was tested. Thus, the possible
effect of ethanol also has to be further investigated at higher concentrations.
Additionally, bone resorption plates used for these experiments were used after
their expiry date and could not be reorder as they were discontinued, therefore,
fluorescent bone resorption assay kit (COSMO BIO USA) could be used as an

alternative.

Based on the SPM receptor expression and the actions of SPMs, it can be postulated
that RvE1 acts primarily via LTB4R receptor, which was previously suggested by
Herrera et al. (2008). Higher expression of this receptor at the protein level in
healthy compared to RA osteoclasts could explain why RvE1 is only effective in
reducing osteoclast differentiation in healthy and not in RA cells. On the other
hand, as GPR32 receptor was not expressed in healthy or RA monocytes or in
healthy osteoclasts, RvD1’s signalling was most likely induced via FPR2 receptor.
The importance of this receptor was also confirmed in a study by Benabdoun et
al. (2019), who showed that silencing of FPR2 leads to higher osteoclastogenesis.
Even though the expression of FPR2 at the protein level was comparable between
healthy and RA monocytes and osteoclasts, its expression at the transcript level
was significantly higher in RA than in healthy monocytes. However, there are
several isoforms of FPR2, while the antibody used for western blot only targeted
one of them, which could mean that even though the expression of the targeted
isoform was comparable, the expression of the other isoforms might differ, which
would have to be further tested for example by qPCR, electrophoresis (Harvey &

Cheng, 2016), mass spectrometry (Hale, 2013), or long-read RNA sequencing (for
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example Oxford Nanopore) (Miller et al., 2022). Additionally, the interaction
between FPR2 and RvD1 has not been solved at a molecular level and it is currently
unclear how they bind to each other and how/if it differs between the various
isoforms. Therefore, the more pronounced effect of RvD1 in RA compared to
healthy cells may be attributed to the interaction with isoforms that were not
detected by the antibody. Additionally, post-translational modifications like
glycosylation, phosphorylation, palmitoylation and ubiquitination (Lemos Duarte
& Devi, 2020), could also have an impact on the activity of the receptor and
downstream pathways, which could be another possibility for the observed

inhibitory effect in RA but not in healthy cells despite similar receptor expression.

This thesis also looked into various osteoclastogenic pathways, however, only very
subtle effect of SPMs on transcript expression was observed in healthy and RA
osteoclasts and none of the observed differences was bigger than a 2-fold change
(chapter 4). After the comparison of healthy and RA osteoclasts, the only
difference was observed in the expression of NFATc1, which is an important
transcription factor for osteoclastogenesis (Zhao et al., 2010). In the presence of
RvE1, 17-HDHA and the combination of all SPMs, NFATc1 expression was increased
in healthy osteoclasts compared to their control with no SPM and compared to RA
osteoclasts. Even though RvE1 was shown to inhibit osteoclastogenesis, it
increased the levels of NFATc1 in healthy osteoclasts but not in RA. This could be
attributed to the presence of repressive histone 3 lysine 27 tri-methylation
(H3K27me3) modification, which if present on NFATc1 promoter would lead to
transcriptional silencing, which would block the activation of the promoter, thus
lead to inhibition of osteoclastogenesis (Rohatgi et al., 2018; Woolcock, 2022).
Previous research in the lab identified various changes in activating histone 3
lysine 4 tri-methylation (H3K4me3) or repressing H3K27me3 modifications,
alongside different histone-modifying enzymes and regulators in RA when
compared to healthy controls. The results suggested perturbed epigenetic and
transcriptomic profiles in RA monocytes and responses in vivo (Woolcock, 2022;
Ansalone et al., 2021). To further understand whether this is the case, Chip-seq
would have to be conducted in order to assess either the activating H3K4me3 or
repressing H3K27me3 modifications.
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Lastly, the metabolism of osteoclasts and their precursors was examined as
healthy and RA cells are very distinct and perturbation in RA myeloid compartment
has been previously observed (McGarry et al., 2021). The results in this thesis
revealed significant increase in glucose uptake, fatty acid uptake, mitochondrial
membrane potential. Additionally, an increase in Mitotracker DR signal was
observed, which could correspond to either higher mitochondrial mass or
increased number of mitochondria in RA compared to healthy monocytes, however
imaging studies would be required to determine whether this signal corresponds
to mitochondrial size or mitochondrial content. This increased metabolic activity
of RA monocytes was observed despite no significant difference in the overall ATP
production and similar expression of metabolic enzymes (GLUT1, ACC1, SDHA,
G6PD, PKM, CPT1a, CytC). The reason for similar ATP production and metabolic
enzyme expression in healthy and RA monocytes could be due to different
mechanisms, which were summarised in chapter 5. One possibility is that despite
higher glucose and fatty acid uptake, RA monocytes have higher utilisation of
glycolysis compared to OXPHOS, yielding less ATP. This was also suggested by the
preliminary Seahorse data, where healthy monocytes showed higher oxygen
consumption rate when compared to RA, which suggests lower OXPHOS
engagement in RA monocytes (Hanlon et al., 2022; Monsour et al., 2022). Although
fatty acid uptake and higher mitochondrial membrane potential were increased
under TNF settings, the mitochondrial mass/number of mitochondria was also
increased, suggesting impairment, which could lead to lower ATP production and
higher ROS production (Ma et al., 2022). Furthermore, RA monocytes might
produce more ATP but also use more ATP, which could explain comparable ATP
production and similar enzyme expression to healthy donors. Furthermore, RA
monocytes showed to operate at their maximal respiratory capacity, while healthy
monocytes have higher spare respiratory capacity, which is crucial for the cell’s
viability (chapter 5). Therefore, variations in metabolic profiles of healthy and RA
monocytes can affect the impact of SPMs, as indicated in the preliminary Seahorse
data. This data demonstrated that the effect of SPMs on basal respiration,
maximal respiratory capacity, and mitochondrial ATP production was increased in
healthy monocytes, while no difference was observed in the presence of RvE1 and
RvD1 in RA monocytes. Notably, none of the results (based on technical replicates)
were significant and only 1 healthy and 1 RA donor was tested. Another

explanation for the more pronounced effects of SPMs in healthy rather than in RA
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monocytes could be that RA monocytes are primed to become pro-inflammatory,
and the inflammatory environment may override the actions of SPMs on the
mitochondrial respiration. Additionally, as mentioned above, mitochondrial
dysfunction in RA monocytes might be another reason why the effect of SPMs is
not as pronounced as in healthy cells. Interestingly, the difference in glucose and
fatty acid uptake persisted throughout the differentiation into osteoclasts,
however, the mitochondrial mass/number of mitochondria, and the membrane
potential were no longer significantly distinct. More experiments, such as
Seahorse, testing of metabolic dyes and enzymes, are needed to better
understand the differences in metabolism in mature osteoclasts and their

precursors in the presence and absence of SPMs.

Even though SPMs did not exhibit an effect on the ATP production and only showed
a subtle effect on mitochondrial respiration, their impact was further tested on
mitochondrial superoxide production in health and RA. The data showed that RvE1
reduced mitochondrial superoxide production in healthy osteoclasts, which is the
main ROS responsible for mitochondrial damage. In contrast, in RA osteoclasts,
RvD1 and 17-HDHA inhibited superoxide production, while RvE1 no longer had an
inhibitory effect. One explanation for the inhibition in superoxide production but
no effect on basal and maximal respiration, and the ATP production could be due
to upregulation of superoxide dismutase, which can neutralise superoxide
production. Previous research showed that RvE1 and RvD1 can increase levels of
superoxide dismutase and glutathione peroxidase (Bozkurt et al., 2023). Higher
expression of superoxide dismutase can convert superoxide into hydrogen
peroxide, which can be further converted into water by glutathione peroxidase
(Koju et al., 2019). Therefore, the current data suggest that RvE1 and RvD1 inhibit
osteoclastogenesis in healthy and RA osteoclasts, respectively, via the inhibition

of superoxide (Laha et al., 2022).

In conclusion, this thesis showed differential expression of SPM receptors in health
and RA providing a deeper insight into the metabolism of healthy and RA
monocytes and osteoclasts. The data suggested that despite similar metabolic
enzyme expression and ATP production, RA monocytes exhibited potentially
higher metabolic activity, as they showed higher glucose and fatty acid uptake,

increased mitochondrial membrane potential, and higher mitochondrial
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mass/number of mitochondria when compared with healthy monocytes. Moreover,
higher glucose and fatty acid uptake in RA compared to healthy monocytes was
maintained in osteoclasts. Additionally, RvE1 and RvD1 showed an inhibitory effect
on osteoclast differentiation in health and RA under TNF-driven conditions,
respectively, which was associated with reduced superoxide production. Finally,
as not all RA therapeutics are effective in every individual, SPMs or their pathways
could be beneficial as a potential treatment in RA, which might reduce the side
effects that are associated with current treatment. However, further research is
needed to investigate the drivers of the altered metabolic profile in RA and to
understand the resolution pathways that could be potentially targeted in order to

reduce inflammation, osteoclastogenesis, and bone resorption.

Impact of COVID-19

Due to the COVID-19 pandemic, clinics and the lab were closed for the first half a
year of my PhD. Therefore, no healthy or RA samples could be obtained, and no
experiments could be conducted. Even after the re-opening of the lab and clinics,
it was still very challenging to obtain RA samples. Therefore, the work of this PhD
thesis shifted from the original plan of generating and analysing my own RNAseq
datasets towards bioinformatic analysis of pre-existing datasets generated in our
lab group. Additionally, due to time constraints some experiments could not be

repeated, which resulted in limited number of donors.
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Appendices

Media

Complete a-MEM media

e 500 ml Alpha Minimum Essential Medium (a-MEM; Gibco)
e 10% Heat Inactivated Fetal Bovine Serum (FBS; Gibco)
¢ 5 ml Penicilin/streptomycin (Sigma)

e 5 ml L-glutamine (Gibco)

Complete RPMI media

¢ 500 ml Roswell Park Memorial Institute (RPMI; Gibco)
e 10% Heat Inactivated FBS (Gibco)
e 5 ml Penicilin/streptomycin (Sigma)

e 5 ml L-glutamine (Gibco)

Buffers and solutions

Cell separation buffer

e 500 ml dPBS (Gibco)
e 1% Heat Inactivated Fetal Bovine Serum (FBS; Gibco)
e 2 mM EDTA (Invitrogen)

FACS buffer

e 500 ml PBS
o 2%FBS
e 2mMEDTA

TRAP fixative solution

e 12.5 ml citrate solution
e 32.5 ml acetone
e 5 ml 37% formaldehyde
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TRAP staining solution

For 1 ml:

900 pL distilled water

10 pL Fast Garnet Solution (5 pL Fast Garnet + 5 pL Sodium Nitrite)

10 pL Napthol

40 pL Acetate

50 yL Tartrate (1M - 2.8 g of K-Na Tartrate Tetrahydrate (MW 282.23;
C4H4KNa06*4H20) in 10 mL H20)

2x RT master mix for cDNA synthesis

2 pL of 10X RT buffer

0.8 pL 25X dNTP Mix (100 mM)

2 pL of 10X RT Random Primers

1 uL of MultiScribe™ Reverse Transcriptase

4.2 pL Nuclease-free water

qPCR master mix

For 1 sample:

TBST

5 pl Power Sybr green dye (Invitrogen, 4367659)
3.8 pl RNase free water
0.1 pl forward primer

0.1 pl reverse primer

1x Tris-buffered saline

0.1% Tween

Milk blocking buffer

5% non-fat dried milk
50 ml 1x Tris-buffered saline

0.1% Tween



PFA

e 500 ml PBS

e 2% para formaldehyde
2% formaldehyde

e 50 ml dH.0

e 2% methanol-free formaldehyde
0.1% Triton

e PBS

e 0.1% Triton X-100
2% BSA

e 50 ml PBS

e 2% bovine serum albumin
MitoSOX master mix

e 500 ml PBS
e 5 pM MitoSOX dye (Invitrogen)

e 4 uM Hoechst 33342 nuclei staining (stock = 16.2 mM; Invotrogen)

Seahorse media

4 mM glutamine

5.5 mM glucose
e 1 mM penicillin/streptomycin
e 1 mM sodium pyruvate (Gibco)
-pHof 7.4

50 ml basal Seahorse media with no serum (Agilent Technologies)

167
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Cell-Tak solution

e 41.3 pL Cell-Tak (Corning)

e 2.5ml 0.1 M sodium bicarbonate (NaHCO3) solution
Sulforhodamine B (SRB) sodium salt solution

e 0.2 g SRB (Sigma-Aldrich)

e 50 ml 1% acetic acid
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