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Abstract 

Bone is a dynamic tissue that is continuously remodelled, a process that 
requires equal amounts of osteoclastic bone resorption and osteoblastic bone 
formation. Inflammation may disturb the equilibrium and result in local and/or 
systemic bone loss. Negative bone mass balance occurs in several chronic 
inflammatory diseases, e.g. periodontitis and rheumatoid arthritis (RA). The 
aetiology of periodontitis is infectious, while RA is an autoimmune disease. 
Despite aetiological differences, an association between the two diseases has 
been established but it is not known if they are causally related. Periodontitis 
may develop when the inflammatory process, initially restricted to the gingiva 
(gingivitis), further invades the periodontium and causes bone resorption. The 
cellular and molecular mechanisms underlying the transition from gingivitis to 
periodontitis are not fully elucidated. Osteoclast formation is dependent on 
receptor activator of nuclear factor kappa B ligand (RANKL), but how osteoclast 
precursors are recruited to the jawbone is poorly understood. A family of 
cytokines named chemokines has been reported to possess such properties and 
increasing evidence points towards their involvement in the pathogenesis of 
chronic inflammatory diseases.  

The overall aim of this thesis was to gain extended knowledge about the role of 
chemokines and a newly discovered family of leukocytes named innate 
lymphoid cells (ILCs) in periodontitis and concomitant inflammatory disturbed 
bone remodelling. Furthermore, the aim was also to study the association 
between periodontitis and RA. 

We identified increased serum levels of monocyte chemoattractant protein 
(MCP)-1 and CCL11 in individuals with periodontitis. Moreover, a robust 
correlation between the two chemokines and periodontitis was detected in a 
weighted analysis of inflammatory markers, subject characteristics and 
periodontitis parameters. We detected higher MCP-1 levels in periodontitis 
tissue compared to non-inflamed. Furthermore we demonstrated that human 
gingival fibroblasts express MCP-1 and CCL11 in response to pro-inflammatory 
cytokines through NF-κB signalling. Using an inflammatory bone lesion model 
and primary cell cultures, we discovered that osteoblasts express CCL11 in vivo 
and in vitro and that the expression increased under inflammatory conditions. 
Osteoclasts did not express CCL11, but its high affinity receptor CCR3 was 
upregulated during osteoclast differentiation and found to co-localise with 
CCL11 on the surface of osteoclasts. Exogenous CCL11 was internalised in 
osteoclasts, stimulated the migration of osteoclast precursors and increased 
bone resorption in vitro.  
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To analyse if periodontitis precedes RA we analysed marginal jawbone loss in 
dental radiographs taken in pre-symptomatic RA cases and matched controls. 
The prevalence of jawbone loss was higher among cases, and the amount of 
jawbone loss correlated with plasma levels of RANKL. 

In the search of the newly discovered ILCs, we performed flow cytometry 
analyses on gingivitis and periodontitis tissue samples. We detected twice as 
many ILCs in periodontitis as in gingivitis. In addition we found RANKL 
expression on ILC1s (an ILC subset). 

In conclusion, we demonstrated that CCL11 is systemically and locally increased 
in periodontitis and that the CCL11/CCR3 axis may be activated in 
inflammatory disturbed bone remodelling. We also found that marginal 
jawbone loss correlated with plasma levels of RANKL and preceded clinical 
onset of symptoms of RA. Furthermore, we demonstrated that ILCs are present 
in periodontitis and represent a previously unknown source of RANKL. 
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Populärvetenskaplig sammanfattning på svenska 

Skelettet har flera viktiga funktioner i kroppen såsom att möjliggöra en upprätt 
hållning, utgöra fäste för muskler och mediera rörelse, skydda benmärgen och 
de inre organen samt reglera mängden av lösligt mineral i blodet. Med tiden 
uppstår mikroskador i skelettet vilket innebär att benvävnaden måste byggas 
om för att vara fortsatt funktionell. Ombyggnaden kallas remodellering och är 
en kontinuerlig process som huvudsakligen utförs av benbildande celler kallade 
osteoblaster och bennedbrytande celler kallade osteoklaster. Remodelleringen 
är strikt reglerad av olika signalmolekyler och under friska förhållanden råder 
jämvikt mellan mängden ben som bryts ner och mängden ben som bildas, vilket 
innebär att benmassan hålls konstant. Vid sjukdomar som medför långvariga 
inflammationsprocesser i benvävnad eller i närheten av benvävnad, exempelvis 
parodontit (tandlossningssjukdom) och ledssjukdomen reumatoid artrit (RA), 
kan den rådande jämvikten rubbas, vilket oftast resulterar i minskad benmängd. 
Vid parodontit är den bakomliggande orsaken till inflammationen bakterier som 
finns i placket på tänderna, men vid RA tros anledningen vara att 
immunförsvaret attackerar kroppsegna celler. Trots olikheterna delar de två 
sjukdomarna flera gemensamma drag med avseende på riskfaktorer, vilka 
signalmolekyler som återfinns i blodet samt hur inflammationsprocessen 
fortskrider. Parodontit föregås av gingivit (tandköttsinflammation). Hos vissa 
individer övergår gingivit till parodontit, en process som inkluderar nedbrytning 
av tandens stödjevävnader inklusive käkben. Det är inte helt klarlagt vilka celler 
och molekyler som finns närvarande vid gingivit respektive parodontit eller 
vilka mekanismer som ligger bakom skiftet mellan de två tillstånden. Det är 
sedan tidigare känt att molekylen RANKL är viktig för osteoklastbildning, men 
det är delvis okänt hur osteoklastförstadieceller rekryteras från 
blodcirkulationen till käkbenet. En grupp av molekyler kallade kemokiner, som 
även finns i förhöjda nivåer i blod vid parodontit och RA, har visat sig ha sådana 
egenskaper.  

För att finna läkemedel som kan förhindra bennedbrytning till följd av den 
inflammatoriskt störda benremodellering som sker vid både parodontit och RA 
är det viktigt att studera sambandet mellan sjukdomarna och få en tydlig bild av 
vilka celler som är närvarande vid inflammationsprocessen. Det är även av 
betydelse att kartlägga vilka celler och molekyler som främjar rekrytering av 
osteoklastförstadieceller och bidrar till bennedbrytning.  

Syftet med den här avhandlingen var att undersöka betydelsen av kemokiner vid 
inflammatoriskt störd benremodellering och vid parodontit samt att undersöka 
sambandet mellan parodontit och RA. För att skapa en tydligare bild av vilka 
cellertyper som är närvarande vid inflammationsprocessen vid parodontit 
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undersöktes även förekomsten av en nyligen upptäckt celltyp vid namn ILC-
immunceller (ILCs) samt om dessa celler uttrycker RANKL.  

Först analyserades förekomsten av olika inflammatoriska signalmolekyler i blod 
från individer med parodontit samt från friska kontroller. Individer med 
parodontit hade förhöjda nivåer av kemokinerna MCP-1 och CCL11. Genom att 
använda en statistisk analysmetod som utöver inflammatoriska signalmolekyler 
även inkluderade kliniska variabler kunde ett samband mellan de två 
kemokinerna och parodontit påvisas. Vidare undersöktes möjliga ursprung till 
de i blodet förhöjda kemokinnivåerna genom att analysera tandkött från tänder 
med parodontit samt friskt tandkött. Vid parodontit uppmättes högre nivåer av 
MCP-1. Gingivala fibroblaster (en celltyp som producerar bindväv och ansvarar 
för tandköttets uppbyggnad) från människa bildade MCP-1 och CCL11 när de 
stimulerats med inflammationsfrämjande substanser, vilket krävde aktivering 
en intracellulär signaleringsväg kallad NF-κB. För att utreda betydelsen av 
CCL11 vid inflammatoriskt störd benremodellering analyserades bencellers 
bildning av CCL11 in vivo i skalltak från möss samt in vitro i cellodlingar. 
Osteoblaster bildade CCL11 in vivo och in vitro och bildningen ökade under 
inflammatoriska förhållanden. Osteoklaster bildade inte CCL11, men däremot 
fanns ett uttryck av receptorn CCR3, vilket är en mottagarmolekyl till CCL11. I 
vävnadssnitt från skalltak visades att CCL11 och CCR3 ser ut att binda till 
varandra på osteoklasternas yta.  Dessutom hade CCL11 en positiv effekt på 
rekrytering av osteoklastförstadieceller och CCL11 som tillsattes till cellodlingar 
togs upp av osteoklaster och stimulerade benresorption.  

För att studera sambandet mellan parodontit och RA analyserades 
käkbensförlust vid tänder med hjälp av röntgenbilder tagna på individer som 
senare utvecklade RA (pre-symptomatiska) samt matchade kontroller. De pre-
symptomatiska individerna hade en högre grad av käkbenförlust och det fanns 
också ett samband mellan käkbensförlust och nivåer av RANKL i blodet.  

Förekomsten av ILCs i tandkött från tänder med gingivit respektive parodontit 
analyserades med flödescytometri. Dubbelt så många ILCs återfanns vid 
parodontit än vid gingivit, varav majoriteten bestod av ILC1 (en undergrupp till 
ILCs). Vidare analyser visade att ILC1 cellerna bildar RANKL. 

Sammanfattningsvis, vid parodontit finns förhöjda nivåer av CCL11 i vävnaden 
och i blodet, och interaktionen mellan CCL11 CCR3 kan vara av betydelse vid 
inflammatoriskt störd benremodellering. Käkbensförlust föregår RA och 
korrelerar med nivåer av den osteoklaststimulerande molekylen RANKL i 
blodet, vilket stödjer teorin om att det finns ett samband mellan de två 
sjukdomarna. De nyligen upptäckta ILCs återfinns vid både gingivit och 
parodontit och utgör dessutom en tidigare okänd källa till RANKL.  
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Introduction 

Bone tissue 

Bone function, structure and composition 

Function 
From the small auditory ossicles to the great femur, the approximately 200 
bones and associated cartilage forming our skeleton are the reinforcing bars of 
our body. Tendons originating from muscles attach to bone surfaces, and 
muscle contraction enables both movement and an upright posture. The 
skeleton surrounds and protects sensitive and vital inner organs, e.g. brain, 
heart, lungs, intestine and bone marrow. Furthermore, the skeleton can release 
or incorporate minerals in order to maintain mineral homeostasis in the body. 

Structure 
Bone is a particularly specialised connective tissue that exists in two 
morphologically diverse forms: cortical (compact) bone and cancellous (spongy 
or trabecular) bone. The dense cortical bone constitutes an outer shell on most 
bones, surrounding a core of mesh-like cancellous bone (Figure 1), a structure 
that gives bone great mechanical strength and low weight in tandem. The 
external surface of the cortical bone (periosteum) contains blood vessels and 
nerves, whereas the inner surface (endosteum) faces the cancellous bone that 
harbours the bone marrow.  

Composition 
Although cortical and cancellous bone tissue are structurally different from each 
other, both forms comprise a composition of an inorganic mineralised 
component (approximately 65%) and an organic matrix (approximately 35%). 
The inorganic mineralised component gives the skeleton its rigidity and 
strength, and consists almost exclusively of hydroxyapatite [Ca10(PO4)6 (OH2)], 
which is also found in tooth enamel and dentin. Type I collagen fibres are the 
major component of the organic matrix, constituting approximately 90%. The 
remaining 10% consists of proteoglycans (e.g. aggrecan, versican, decorin, 
biglycan), glycoproteins (e.g. alkaline phosphatase (ALP), osteonectin, 
tetranectin), glycoproteins with cell-attachment activities (e.g. bone sialoprotein 
(BSP), thrombospondins, fibronectin, vitronectin, osteopontin), γ-carboxy 
glutamic acid-containing proteins (e.g. matrix Gla protein, osteocalcin) and 
growth factors (e.g. transforming growth factor beta (TGFβ), bone 
morphogenetic proteins (BMPs) insulin-like growth factors (IGFs)). Although 
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these non-collagenous proteins are not as abundant as collagenous protein, they 
all have unique and important effector functions (Clarke, 2008). 

Figure 1. Bone structure, macroscopic (left) and microscopic (right) view. 

Bone cells 
Apart from the inorganic mineralised component and the organic matrix, bone 
tissue contains four cell types that are responsible for its formation, 
maintenance, reconstruction, reshaping and degradation. Osteoblasts, bone 
lining cells and osteoclasts are present on bone surfaces, whereas osteocytes are 
located within the mineralised bone matrix (Figure 2). 

Osteoblasts 
Responsible for bone formation is the osteoblast, a cell type derived from 
mesenchymal stem cells (MSCs). Certain transcription factors require activation 
in order for MSCs to differentiate within the osteoblastic lineage and the very 
same transcription factors simultaneously inhibit differentiation of MSCs into 
cell types of the adipocytic and chondrocytic lineages (Aubin and Heersche, 
2000). Runt-related transcription factor 2 (Runx2) is crucial for 
osteoblastogenesis (Komori et al., 1997, Otto et al., 1997), but not sufficient to 
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fully support the differentiation. Osterix, which is a downstream target for 
Runx2, also requires activation (Nakashima et al., 2002). 

At a functional level, the mature osteoblast is characterised by its ability to 
synthesise bone tissue, including the production of organic matrix and 
subsequent mineralisation. The formation of organic matrix, which is also 
referred as osteoid, prevails mineralisation. A thin layer of osteoid covers all 
non-resorbing bone surfaces. Osteoblasts are phenotypically recognised by their 
ability to form bone matrix proteins (e.g. collagen and osteocalcin) and their 
strong expression of alkaline phosphatase (ALP), an enzyme associated with 
bone mineralisation (Lian and Stein, 1995). Although osteoblasts are mainly 
responsible for bone formation, they are also involved in bone resorption 
processes (Rodan and Martin, 1982). Osteoblasts are provided with receptors 
for the calcium regulating hormones parathyroid hormone (PTH) and 1,25(OH)2 
vitamin D3 (D3) and possess the ability to express and release macrophage-
colony stimulating factor (M-CSF) and receptor activator of nuclear factor 
kappa B ligand (RANKL), cytokines that are crucial for osteoclastogenesis 
(Horwood et al., 1998). 

Osteocytes 
The deposition of bone matrix by osteoblasts is usually polarised towards the 
bone surface but sometimes the deposition becomes pericellular and as a result, 
osteoblasts are trapped in the bone matrix and thence referred to as osteocytes. 
Osteocytes are stellate shaped and reside with their cell bodies in lacunae, from 
which long cytoplasmic processes extend to make contact with neighbouring 
osteoblasts and osteocytes. Communication between osteocytes within the 
network can either be direct through gap junctions or indirect through paracrine 
signalling. Osteocytes are able to sense mechanical and chemical signals from 
the environment and regulate both bone formation and bone resorption through 
communication with osteoblasts and osteoclasts (Schaffler et al., 2014). 
Furthermore, osteocytes express receptors for PTH and D3 and are suggested 
being a substantial source of RANKL (Xiong et al., 2015). 

Bone lining cells 
Bone lining cells are flat and elongated cells that cover inactive bone surfaces, 
i.e. surfaces not subjected to bone remodelling, and they are particularly evident 
in the adult skeleton. In terms of matrix production they are considered to be 
inactive, and the function of these cells is poorly understood. It is suggested that 
bone lining cells may be involved in the propagation of the activation signal that 
initiates bone resorption (Miller et al., 1989). It is also suggested that bone 
lining cells form a canopy above the resorption pit and compose a bridge 
between the events of bone resorption and bone formation (Delaisse, 2014). 



 

 4 

Osteoclasts 
The osteoclast is a multinucleated and highly motile cell that possesses the 
unique ability to resorb mineralised bone. Unlike the other bone cells, 
osteoclasts are derived from hematopoietic stem cells (HSCs) of the monocyte-
macrophage lineage. The process of osteoclastogenesis is complex and it has 
been established that a direct cell-to-cell contact between osteoblasts/stromal 
cells and osteoclast precursors involving ligand-receptor interaction is 
indispensable for the formation of osteoclasts (Suda et al., 1999).  

Osteoblasts and stromal cells are able to produce M-CSF, a cytokine required for 
proliferation of osteoclast precursors and their further differentiation and fusion 
into osteoclasts (Felix et al., 1994, Tanaka et al., 1993). Accordingly, mice with 
an additional insertion of thymidine in the coding region of the M-CSF gene are 
unable to produce M-CSF and hence lack functional osteoclasts and develop 
osteopetrosis (Yoshida et al., 1990). The binding of M-CSF to its receptor 
colony-stimulating factor 1 receptor (c-Fms) results in downstream intracellular 
signalling through phosphoinositide 3-kinase (PI3K)-Akt and Grb2- 
extracellular signal-regulated protein kinase (ERK), resulting in activation of 
transcription factor PU.1, which in turn regulates genes associated with survival, 
proliferation and differentiation of osteoclast precursors (Souza and Lerner, 
2013).  

Further differentiation and terminal fusion of preosteoclasts primed by M-CSF 
into active osteoclasts are mediated by the interaction of RANKL and its cognate 
receptor RANK (Boyce, 2013). Osteoblasts, osteocytes, stromal cells, T-
lymphocytes, synovial fibroblasts and periodontal ligament (PDL) cells express 
RANKL, a protein belonging to the tumour necrosis factor (TNF) superfamily 
that can be either membrane-bound or soluble. The interaction between RANKL 
and RANK activates the transcription factor nuclear factor kappa-B (NF-κB), 
which in turn induces the expression of nuclear factor of activated T-cells 
cytoplasmic 1 (NFATc1), ultimately enhancing the expression of several genes 
important for commitment to the osteoclastic cell phenotype, fusion of 
preosteoclasts and activation of mature osteoclasts (Takayanagi et al., 2002). 
Activation of additional co-stimulatory pathways including immunoglobulin-
like receptors is needed to fully support osteoclast differentiation. Mature 
osteoclasts are multinucleated and express the osteoclast markers tartrate 
resistant acid phosphatase (TRAP) and Cathepsin K (Boyle et al., 2003). 
Deletion of either RANKL or RANK in mice results in complete absence of 
osteoclasts and subsequent osteopetrosis, although the number of macrophages 
remains unaffected (Dougall et al., 1999, Kong et al., 1999). Osteoprotegrin 
(OPG) is a soluble protein serving as a decoy receptor for RANKL that can block 
the interaction between RANKL and RANK. Mice overexpressing OPG display 
increased bone mass and reduced number of osteoclasts (Simonet et al., 1997), 
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which indicate that OPG is an important suppressing regulator of 
osteoclastogenesis. Additional molecules including hormones, cytokines, 
interferons and chemokines are thought to regulate the ratio between RANKL 
and OPG, which in turn regulates osteoclast formation, activation and 
resorption (Boyce, 2013). 

Figure 2. Schematic illustration of bone cells and their origin. 

Bone as a living tissue 
Throughout an individual’s lifetime, the skeleton is constantly altered. After the 
initial ossification of the embryonic skeleton, bone undergoes growth, modelling 
and remodelling. Growth refers to the longitudinal and radial expansion of the 
bones that occurs during the first two decades of life whereas modelling 
represents the process by which bones gradually adjust their shape and mass in 
order to meet physiological and mechanical requirements. During bone 
modelling, the processes of bone formation and bone resorption are not 
necessarily coupled. Bone modelling occurs more frequently in the skeleton of 
children and adolescents than in adults. Bone remodelling is a coupled process 
by which bone tissue is rebuilt to maintain bone strength and mineral 
homeostasis in the body. The remodelling process relies on a fine balance 
between bone resorbing osteoclasts and bone forming osteoblasts. The skeleton 
is remodelled from birth to death and is affected by hormonal changes, diseases 
and aging (Clarke, 2008).  
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The remodelling cycle 
Bone remodelling is confined to a restricted area of the bone surface and is 
mediated by an anatomic structure of bone cells named the basic multicellular 
unit/bone metabolic unit (BMU). The lifetime of a BMU is substantially longer 
than its individual cells and consequently, new cells have to be recruited to the 
BMU continuously (Jilka, 2003). After the BMU is created it begins to resorb 
old bone and subsequently new bone is formed. Short after, the BMU dissolves 
and leaves newly formed bone covered by a layer of inactive bone lining cells.  

Initiation: It is not known how a BMU recognises a prospective remodelling 
site. It is suggested that remodelling sites may develop randomly but it can also 
be targeted to areas that require repair (Burr, 2002, Parfitt, 2002). The 
remodelling cycle begins with the degradation of the non-mineralised osteoid 
that covers all mineralised bone, a process that is mediated by proteolytic 
enzymes (e.g. matrix metalloproteinases (MMPs)) released by activated 
osteoblasts and bone lining cells. After removal of the osteoid, the bone lining 
cells withdraw in order to let the bone resorbing osteoclasts adhere to the 
mineralised surface (Ott, 2002). The activated osteoblasts also express and 
release molecules with chemoattractant properties that guide mononuclear 
osteoclast precursors to bone surfaces where they further differentiate and 
become active osteoclasts due to M-CSF and RANKL. 

Resorption: Upon arrival to the resorption site, the cytoskeletons of the 
osteoclasts undergo rearrangements and the osteoclasts attach to the bone 
surface using a specialised part of the cell membrane named “the sealing zone”. 
Adhesion is mediated through binding between extracellular matrix receptors 
expressed on osteoclasts and extracellular matrix proteins embedded in bone 
(e.g. collagen, vitronectin, osteopontin, BSP) (Nesbitt et al., 1993). The sealing 
zone defines an area underneath the osteoclast where resorption occurs, known 
as Howship’s lacuna. The plasma membrane facing the lacuna is considered to 
be the actual resorbing organ of the osteoclast and is organised as a ruffled 
border formed by acidic intracellular vesicles. The bone resorption process 
begins with acidification of the lacuna due to hydrogen ions delivered by V-type 
adenosine triphosphate (ATP)-ase pumps and secretion of acidic vesicles that 
fuse with the cell membrane in the ruffled border. The acidic environment in the 
lacuna causes dissolution of bone tissue mineral. Either overlapping, or after 
this event, proteolytic enzymes (MMPs, Cathepsin K and TRAP) are released 
into the lacuna in order to degrade the organic matrix (Vaananen and Zhao, 
2002). 

Formation and mineralisation: After completion of the resorption phase the 
osteoclast most likely undergoes apoptosis, although there are studies indicating 
that an osteoclast can participate in more than one resorption cycle (Kanehisa 
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and Heersche, 1988). Unknown local signalling processes named “coupling 
processes” generate an osteogenic environment at the remodelling sites and 
attract osteoblasts to the resorption pit. It is proposed that these coupling 
factors, i.e. TGFβ, may be embedded in the bone matrix and released upon 
resorption or released by the osteoclast itself (Bonewald and Mundy, 1990, 
Hock et al., 1988, Locklin et al., 1999, Martin and Sims, 2005). 

Activated osteoblasts invade the resorption pit and begin to produce type I 
collagen and non-collagenous proteins forming the osteoid. Ultimately, the 
osteoblasts mediate mineralisation of the osteoid in a manner that is currently 
not fully understood. It is hypothesised that osteoblasts transport small 
membrane-bound matrix vesicles containing ALP into the collagen network. 
The vesicles mediate concentration of calcium and phosphatase leading to the 
formation of crystals within the vesicles. The crystals are subsequently 
transferred outside the osteoblast and occupy available space between the 
collagen fibres. In addition, ALP enzymatically destroy mineralisation inhibitors 
such as pyrophosphate or proteoglycans, resulting in free organic phosphatase 
that can react with calcium to form hydroxyapatite (Anderson, 2003). 

Disturbed bone remodelling 

Definition and mechanisms 

Definition 
Normal bone remodelling, which prevails in health, requires equal amounts of 
osteoclastic bone resorption and osteoblastic bone formation in order to 
preserve bone mass. Several pathological conditions, in particular longstanding 
chronic inflammatory diseases, can disrupt the fine balance and manifest as 
alterations in bone mass both locally and systemically (Agrawal et al., 2011). 
Inflammatory processes adjacent to bone or in bone itself often result in 
reduced bone mass, as in the case of periodontitis, rheumatoid arthritis (RA), 
osteoarthritis and the majority of tumours metastasising to bone. However, 
inflammatory processes in some cases result in increased bone mass, a 
phenomenon that is denoted sclerosis and can be observed in apical 
periodontitis and some bone metastasising tumours. Both bone formation and 
bone resorption processes are increased regardless of whether the result is 
increased or reduced bone mass, as it is the relative ratio between bone 
formation and bone resorption that determines the outcome. There is no 
common nomenclature to describe disturbances in bone remodelling due to 
inflammation and will in this thesis be referred to as inflammatory disturbed 
bone remodelling. 
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Mechanisms 
At a molecular level, the interplay between bone formation and bone resorption 
is mainly regulated by the RANKL/RANK/OPG ratio, which in turn is affected 
by several factors including cytokines, hormones, growth factors, 
prostaglandins, neuropeptides and skeletal loading. The listed factors may also 
exert direct effects on bone cells. The effects of cytokines on osteoclast 
formation are diverse. It has been demonstrated that TNF-α stimulates RANKL 
expression by osteoblasts (Boyce et al., 2005), and binding to its receptor results 
in activation of Nfatc1, thus directly promoting osteoclast formation in vitro 
(Kobayashi et al., 2000) but not in vivo (Li et al., 2000). Interleukin (IL)-1β was 
the first cytokine described to promote osteoclast formation (Dewhirst et al., 
1985), and similar to TNF-α, is stimulates bone resorption in vitro (Gowen et 
al., 1983) and upregulates RANKL in stromal cells and osteoblasts (Hofbauer et 
al., 1999). Both TNF-α and IL-1β stimulate the expression of IL-6 by osteoblasts, 
which in turn induces osteoclast formation and bone resorption (Ishimi et al., 
1990). Other cytokines that have been described promote osteoclast formation 
and bone resorption are IL-8, IL-11, IL-17, IL-20, IL-23, IL-32 and IL-34 
whereas IL-4, IL-7, IL-10, IL-12, IL-13, IL-18, IL-27 and IL-33 are suggested to 
have inhibitory effects (Souza and Lerner, 2013). Among hormones, PTH and 
D3 are known mediators of osteoclast formation through upregulation of 
RANKL in osteoblasts (Huang et al., 2004, Takahashi et al., 2014). On the 
contrary, oestrogen inhibits bone resorption by suppressing the expression of 
TNF-α, IL-1β and IL-6. Moreover, oestrogen also induces the expression of OPG 
in osteoblasts and stromal cells (Saika et al., 2001). Growth factors are crucial 
for proliferation and differentiation of osteoblasts and are critically involved in 
bone formation and skeletal maintenance in adults (Linkhart et al., 1996). 
Prostaglandins are derived from arachidonic acid and are known mediators of 
bone resorption (Dietrich et al., 1975). The nervous system also participates in 
the regulating of bone cell functions (Lerner and Persson, 2008, Lundberg et al., 
1999). The fact that immobility results in reduced bone mass suggest that 
mechanical loading is crucial for normal bone remodelling. It is suggested that 
osteocytes incorporated in the skeleton can detect mechanical loading and 
transmit the signal to other bone cells (Tatsumi et al., 2007). The complexity of 
this regulatory system is striking and it is suggested that an imbalance in the 
above-described factors may favour RANKL expression and bone resorption, 
ultimately resulting in bone loss. 

Preceding osteoclast formation and subsequent bone resorption is the 
recruitment of leukocytes to the inflammation site. Leukocytes are primarily 
responsible for combating infection/injury, but they are also involved in bone 
metabolism since they are able to act as regulators of both osteoblast and 
osteoclast activity. Moreover, monocytes/macrophages represent a type of 
leukocyte with the ability to differentiate into osteoclasts. Inflammatory 
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disturbed bone remodelling with predominant bone resorption, which is seen in 
the majority of osteopathological conditions, is due to increased formation and 
activity of mature osteoclasts. The mechanisms by which osteoclast precursors 
of the monocyte/macrophage lineage are guided from the bone marrow to 
remodelling sites/inflammation sites on bone surfaces, although not fully 
understood, involves locally produced chemokines (Galliera et al., 2008). 

Chemokines 

Nomenclature, structure and function 
Chemokines represent a family of closely related cytokines with the ability to 
guide leukocytes out of the blood stream and to the inflammation site by 
chemotaxis, a process named migration or homing. Depending on the molecular 
structure, chemokines are divided into four different subfamilies: XC, CXC, 
CX3C and CC. Chemokine nomenclature is based on family, followed by an “L” 
(for “ligand”) and an individual number. However, many chemokines also retain 
an older name that denotes its function, for example monocyte chemoattractant 
protein-1 (MCP-1) or CCL2. A total number of approximately 50 chemokines 
and about 15 chemokine receptors have been reported (see Table 1). Thus, 
chemokine-chemokine receptor interactions are rarely specific. In most cases a 
single chemokine may bind to several receptors, whereas a single chemokine 
receptor can transduce signals for several cytokines. These features of 
chemokines and their cognate receptors enable high-precision recruitment of 
leukocytes to inflammatory processes (Zlotnik and Yoshie, 2000).  

Chemokines exert their biological functions by interacting with G protein-linked 
trans-membrane receptors expressed on the surface of the target cells. The 
receptor is linked to the internal cytoskeleton of the cell and receptor activation 
results in cytoskeletal rearrangements and increased mobility towards the 
chemokine gradient. Based on functional characteristics, two different types of 
chemokines can be distinguished: basal and inflammatory. Basal chemokines 
are constitutively produced, recruited to, and expressed in lymphoid tissues 
where they are involved in maintaining tissue homeostasis. On the contrary, 
inflammatory chemokines are locally produced in response to inflammatory 
reactions. Disturbances in chemokine expression/function within tissue 
compartments might lead to a prolonged inflammatory response, which in turn 
promotes development of chronic inflammation (Mölne and Wold, 2007). As 
previously described, recruiting leukocytes is the main task of chemokines, but 
increasing evidence point towards the involvement of chemokines in other 
processes (e.g. fibrosis, tissue remodelling and angiogenesis) and conditions 
(vascular diseases, neoplasias, allergy, transplant rejection and auto-immunity) 
(Yadav et al., 2010). 
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Systematic 
name 

Human synonym Mouse synonym Main receptor 

XC Family    
XCL1 Lymphotactin/SCM-

1α/ATAC 
Lymphotactin XCR1 

XCL2 SCM-1β Unknown XCR1 
CXC Family    
CXCL1 GROα/MGSA-α GRO/KC? CXCR2 
CXCL2 GROβ/MGSA-β GRO/KC? CXCR2 
CXCL3 GROγ/MGSA-γ GRO/KC? CXCR2 
CXCL4 PF4 PF4 Unknown 
CXCL5 ENA-78 LIX? CXCR2 
CXCL6 GCP-2 CKα-3 CXCR1, CXCR2 
CXCL7 NAP-2 Unknown CXCR2 
CXCL8 IL-8 Unknown CXCR1, CXCR2 
CXCL9 MIG MIG CXCR3 
CXCL10 IP-10 IP-10 CXCR3 
CXCL11 I-TAC Unknown CXCR3 
CXCL12 SDF-1α/β SDF-1 CXCR4 
CXCL13 BLC/BCA-1 BLC/BCA-1 CXCR5 
CXCL14 BRAK/bolekine BRAK Unknown 
CXCL15 Unknown Lungkine Unknown 
CXCL16 SR-PSOX SR-PSOX CXCR6 
CX3C Family    
CX3CL1 Fractalkine Neurotactin CX3CR1 
CC Family    
CCL1 I-309 TCA-3, P500 CCR8 
CCL2 MCP-1/MCAF MCP-1, JE? CCR2 
CCL3 MIP-1α/LD78α MIP-1α CCR1, CCR5 
CCL4 MIP-1β MIP-1β CCR5 
CCL5 RANTES RANTES CCR1, CCR3, 

CCR5 
(CCL6) Unknown C10, MRP-1 Unknown 
CCL7 MCP-3 MARC? CCR1, CCR2, 

CCR3 
CCL8 MCP-2 MCP-2 CCR3 
CCL9/10 Unknown MRP-2, CCF18, MIP-1Υ Unknown 
CCL11 eotaxin-1 eotaxin-1 CCR2, CCR3, 

CCR5 
(CCL12) Unknown MCP-5 CCR2 
CCL13 MCP-4 Unknown CCR2, CCR3 
CCL14 HCC-1 Unknown CCR1 
CCL15 HCC-2/Lkn-1/MIP-1δ Unknown CCR1, CCR3 
CCL16 HCC-4/LEC LCC-1 CCR1 
CCL17 TARC TARC CCR4 
CCL18 DC-CK1/PARC/AMAC-1 Unknown CCR3 
CCL19 MIP-3β/ELC/exodus-3 MIP-3β/ELC/exodus-3 CCR7 
CCL20 MIP-3α/LARC/exodus-1 MIP-3α/LARC/exodus-1 CCR6 
CCL21 6Ckine/SLC/exodus-2 26Ckine/SLC/exodus-

2/TCA-4 
CCR7 

CCL22 MDC/STCP-1 ABCD-1 CCR4 
CCL23 MPIF-1/ Ckβ-8 Unknown CCR1 
CCL24 MPIF-2/eotaxin-2 Unknown CCR3 
CCL25 TECK TECK CCR9 
CCL26 Eotaxin-3 Unknown CCR10 
CCL27 CTACK/ILC ALP/CTACK/ILCESkine CCR10 
CCL28 MEC MEC/CCK1/Scya28 CCR3, CCR10 
Table 1. Chemokines and chemokine receptors 
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Recruitment of osteoclast precursors 
The interaction between chemokines and their cognate receptors is important 
for the migration of osteoclast precursors to bone surfaces. Some of the more 
extensively researched chemokines are described below. 

Stromal derived factor-1 (SDF-1) or CXCL12 is a chemokine expressed by 
osteoblasts, stromal cells and bone endothelial cells (Ponomaryov et al., 2000) 
and its cognate receptor CXCR4 is expressed on osteoclast precursors and on 
osteoclasts. SDF-1 has been demonstrated to promote chemotactic recruitment 
of osteoclast precursors and their further differentiation toward and osteoclastic 
phenotype, ultimately increasing osteoclast formation and bone resorption 
(Wright et al., 2005).  

Monocyte chemoattractant protein-1 (MCP-1) or CCL2 has a documented effect 
on recruitment of monocytes (Galliera et al., 2008). Moreover, in an in vivo 
mouse model, osteoblasts constitute the main source of MCP-1 in inflamed 
jawbone and the number of monocytes/macrophages correlates with the 
number of MCP-1 positive cells (Rahimi et al., 1995). MCP-1 interacts with its 
receptor CCR2, which is expressed by osteoclasts and in RANKL-induced 
osteoclast differentiation (Kim et al., 2006). MCP-1/CCR2 interaction promotes 
fusion of preosteoclasts (Kim et al., 2005, Li et al., 2007). In addition, the 
absence of either MCP-1 or CCR2 results in increased bone mass (Sul et al., 
2012, Binder et al., 2009). 

Macrophage inflammatory protein 1-α (MIP-1α), systematically named CCL3, 
is able to utilise either CCR1 or CCR5 for its effects on osteoclast formation. The 
chemotactic effect of MIP-1α on osteoclast precursors has been established 
(Votta et al., 2000). Accordingly, neutralising antibodies against CCR1 or CCR5 
inhibits MIP-1α-induced osteoclast formation (Oba et al., 2005). The CCL3 
receptor CCR1 is also important for the differentiation of osteoblasts, and CCR1-
deficiancy results in osteopenia (Hoshino et al., 2010). 

Interleukin (IL)-8 or CXCL8 is an interleukin that upregulates RANKL in mouse 
osteoblastic cells and is suggested to cause osteoclast formation in vitro (Bendre 
et al., 2003). Moreover, blocking IL-8 with an antibody efficiently inhibits 
osteoclast formation induced by conditioned medium from breast cancer cells 
added to peripheral blood monocytes (Bendre et al., 2005).   

Regulated on Activation Normal T cell Expressed and Secreted (RANTES) or 
CCL5 is a chemokine produced by a variety of cell types including osteoclasts. It 
is suggested that osteoclastic RANTES promote survival and chemotaxis of 
osteoblasts through interaction with its cognate receptor CCR5 (Yano et al., 
2005). On the contrary, RANTES is also reported to stimulate chemotaxis of 



 

 12 

preosteoclasts (Votta et al., 2000). Mice lacking functional RANTES display 
osteopenia associated with decreased bone formation and increased 
osteoclastogenesis. In addition, trabecular bone surfaces lack coverage of bone 
lining cells and osteoblasts (Wintges et al., 2013), which indicate that the main 
effects of RANTES are osteogenic (Liu et al., 2014). 

It is also suggested that sphingosine-1-phosphate (S1P), not a chemokine but a 
lipid mediator capable of inducing chemotaxis, mediates the migration of 
osteoclast precursors from the bone marrow to the circulation (Ishii et al., 
2009). Injection of a S1P agonist suppresses arthritis and osteoporosis in a 
mouse model, likely by facilitating osteoclast recirculation into blood and 
reducing the number of mature osteoclasts attached to the bone surfaces 
(Kikuta et al., 2011).  

Osteopathological condititons 

Periodontitis 

Anatomy of the periodontium 
The tooth supporting tissues, collectively referred to as the periodontium, 
represent a functional unit that consist of four principal components: the 
gingiva, the periodontal ligament, the root cementum and the alveolar bone 
(Figure 3). The main function of the periodontium is to attach the tooth to the 
jaws, but it also offers nutrition to the tooth and serves as a barrier against 
bacterial challenges provided by the oral microbiota. Moreover, sensory 
receptors in the periodontium play an essential role in the regulation of 
masticatory function via signalling through the trigeminal nerve.  

Consisting of epithelium and underlying connective tissue, the gingiva is the 
part of the masticatory mucosa that covers the alveolar bone and surrounds the 
teeth. The most coronal part of the gingiva is named the free gingiva and it 
extends from the gingival margin to a level corresponding to the cemento-
enamel junction (CEJ) of the tooth. The gingiva apical to the free gingiva is 
named the attached gingiva, and it is continuous with the alveolar mucosa. The 
gingiva attains its scalloped shape in conjunction with tooth eruption and the 
shape adapts to changes in the marginal bone.  

Three different types of gingival epithelium can be identified based on origin, 
location and composition: oral epithelium, sulcular epithelium and junctional 
epithelium. The oral epithelium is a stratified, squamous keratinising 
epithelium that faces the oral cavity and extends from the gingival margin to the 
alveolar mucosa. The sulcular epithelium is structurally similar to the oral 
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epithelium and faces the tooth. It is in close contact, but not attached to the 
tooth surface, and reaches from the gingival margin to the most coronal part of 
the junctional epithelium. The junctional epithelium is tightly attached to the 
tooth surface through hemidesmosomes and extends approximately two 
millimeters below the most apical part of the sulcular epithelium. In order to 
allow diffusion of leukocytes into the gingival crevice, the junctional epithelium 
is only a few cell layers thick (Bartold et al., 2000). The gingival connective 
tissue constitutes the vast majority of the gingiva. The major component of the 
connective tissue and also responsible for its structure and stability is a network 
of collagen fibres. In addition to collagen fibres, small amounts of proteoglycans 
and glycoproteins are also present in the connective tissue. The extracellular 
matrix is produced by gingival fibroblasts, a cell type of mesenchymal origin 
that is the predominant cell type in the connective tissue. Other cell types 
encountered in the gingiva are endothelial cells, mast cells, macrophages, 
polymorphonuclear leukocytes (PMNs), lymphocytes and plasma cells. The 
gingival connective tissue attaches to the alveolar bone and the root cementum 
by bundles of collagen fibres and hence also provides attachment for the tooth 
(Bartold et al., 2000). 

The periodontal ligament represent a connective tissue situated in the space 
between the root surface and the alveolar bone. Bundles of collagen fibres 
extend from the root cementum and are incorporated in the alveolar socket wall. 
These fibres not only provide tooth attachment and a certain degree of mobility, 
they also distribute masticatory forces and act as shock absorbers. Cells present 
in the periodontal ligament are PDL cells, osteoblasts, osteoclasts and epithelial 
cells, among others (Lindhe et al., 2008). The periodontal ligament cell is a 
fibroblast-like cell with some osteoblastic features (Jonsson et al., 2011).  

The root cementum covers the root surfaces. It is a mineralised tissue that 
resembles bone in its content of hydroxyapatite and organic matrix including 
collagen fibres. Different from bone, cementum is absent of both blood vessels 
and innervation and it does not undergo resorption or remodelling. The coronal 
and middle part of the root is covered by acellular cementum, in which collagen 
fibres extending from the alveolar bone are incorporated. In addition to fibres, 
the cellular cementum of the apical third of the root also contains 
cementoblasts, cells that continue to form cementum as long as the tooth is 
functional (Lindhe et al., 2008).  

The alveolar bone comprises the parts of the maxilla and mandible that form the 
alveolar socket, the bone tissue that surrounds and supports the teeth. The 
alveolar socket is lined with cortical bone in which bundles of periodontal 
ligament fibres are attached. The spaces between the sockets and the cortical 
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jawbone are occupied with cancellous bone. Alveolar bone displays high 
remodelling rate due to forces elicited by mastication (Sodek and McKee, 2000). 

Figure 3. Schematic illustration of the periodontium and its components. 

Pathogenesis of periodontitis 
Periodontitis is a chronic inflammatory disease characterised by inflammation 
in the gingiva with concomitant loss of jawbone. The severe forms of 
periodontitis affect approximately 10% of the adult population and thus, the 
global burden of the disease is comprehensive (Kassebaum et al., 2014). Efforts 
have been directed towards elucidating the pathogenesis of periodontitis during 
the later half of the 20th century, but parts of it still remains elusive. It is 
established that the disease is initiated when microorganisms in the dental 
biofilm break the gingival barrier, resulting in an antigenic challenge that 
exceeds the resistance of the host’s immune response. The microbial invasion 
includes release of endotoxins (e.g. lipopolysaccharides) and enzymes (e.g. 
proteinases and leukotoxins), which either directly or indirectly harm the 
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periodontium (Kinane et al., 2008). Indirect effects require activation of the 
host’s innate and adaptive immune response with subsequent inflammation. 

In a first step, microbial components activate and stimulate tissue resident cells 
(e.g. mast cells, macrophages and gingival fibroblasts) to release TNF-α and 
vasoactive amines that increase vascular permeability and the expression of 
adhesion molecules on endothelial cells. The adhesion molecules (including 
intercellular adhesion molecule-1 (ICAM-1), endothelial leukocyte adhesion 
molecule-1 (ELAM-1) and p-selectin) participate in recruiting leukocytes to the 
inflamed periodontal tissues, a process called homing. PMNs dominate the 
infiltration in the early phases of periodontal inflammation and they release 
lysosomal enzymes, which contribute to both connective tissue degradation and 
microbial killing. As connective tissue is degraded, it looses its entity, which 
allows further infiltration of lymphocytes and macrophages. Up to this point, 
when the periodontal inflammation is confined within the gingiva, the condition 
is named gingivitis. Gingivitis will in some disease-susceptible individuals 
further develop into periodontitis, which is characterised by irreversible 
breakdown of tooth supporting tissues including alveolar bone. Throughout the 
inflammatory process, the resident cells maintain their production of pro-
inflammatory cytokines (e.g. TNF-α, IL-1β, IL-8, IL-6 and prostaglandins), 
which in turn stimulate fibroblasts to produce connective tissue degrading 
matrix metalloproteinases (MMPs). As connective tissue is degraded, the 
sulcular epithelium proliferates apically along the root and replaces the 
junctional epithelium, thus creating a deepened periodontal pocket. 
Furthermore, the pro-inflammatory cytokines elicit a cascade of osteotropic 
factors from fibroblasts, osteoblasts, stromal cells and leukocytes, ultimately 
leading to accumulation of osteoclast precursors and activation of osteoclasts 
through upregulation of RANKL (Yucel-Lindberg and Bage, 2013) (Figure 4). 

The sequence of events described above is affected by environmental factors 
(e.g. smoking), diseases (e.g. diabetes mellitus) and hormonal changes (e.g. 
pregnancy) (Palmer and Soory, 2008). The presence of bacteria is undoubtedly 
necessary, but insufficient to alone cause disease, which indicate that the host’s 
susceptibility is decisive for disease development. An individual susceptibility to 
the disease has long been accepted and it is currently not known why some 
individuals do not develop periodontitis despite microbial load and presence of 
gingivitis for extended time periods while others rapidly loose tooth supporting 
alveolar bone (Loe et al., 1986, Page et al., 1997). It is suggested 50% of the risk 
of developing periodontitis is attributable to gene polymorphisms (Michalowicz 
et al., 1991, Hassell and Harris, 1995). Furthermore, the mechanisms underlying 
the transition from gingivitis to periodontitis and the cellular composition of 
both conditions have not yet been elucidated. It is known that the extent of the 
inflammatory infiltrate and the amount of lymphocytes increases with the 
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severity of the periodontal inflammation. In a meta-analysis performed by 
Berglundh et al., it was concluded that in the established periodontitis lesion, B 
cells represent the predominant cell type. However, cells of unknown cell type 
represent a considerable amount of 12 % (Berglundh et al., 2011). 

 

Figure 4. Schematic illustration of the current concept of the aetiology and pathogenesis of 
periodontitis. Adapted from Page and Kornman 1997. 

Innate lymphoid cells 
A newly discovered group of cells named innate lymphoid cells (ILCs) has 
gained increased attention within the field of immunology in the last decade. 
These cells are morphologically similar to lymphocytes and mirror the 
phenotypes and certain functions of T cells, but in contrast, they lack antigen-
specific receptors and do not undergo clonal expansion. HSCs are able to 
differentiate upon activation of particular transcription factors to form three 
different ILC subsets, each characterised by a distinct cytokine expression 
pattern (Mjosberg and Spits, 2016). Briefly, group 1 ILCs (ILC1), including the 
conventional cytotoxic natural killer (NK) cell, depend on T-bet and produce 
interferon (IFN)-γ. Group 2 ILCs (ILC2) depend on GATA binding protein 3 
(GATA3) and produce type 2 cytokines e.g. IL-5 and IL-13. Group 3 ILCs (ILC3) 
depend on RAR-related orphan receptor (ROR)-γt and can be further divided 
into lymphoid tissue-inducer (LTi) cells and NCR+ ILC3 or NCR- ILC3 
depending on the expression of NKp44. ILC3s are associated with production of 
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IL-22 (NCR+) and IL17 (NCR- and NCR+) in response to stimulation by IL-1β 
and IL-23 (Konya and Mjosberg, 2015) (Figure 5). The absence of antigen-
specific receptors makes ILCs incapable of directly recognising pathogens. 
Instead, ILCs respond to epithelium-derived signals (e.g. IL-25, IL-33) that are 
released from infected or damaged mucosa or to molecules released by myeloid 
cells (e.g. IL-1β, IL-12, IL-23) with the production of an array of effector 
cytokines that shape the subsequent immune responses (Eberl et al., 2015, 
Thaiss et al., 2016). The overall function of ILCs, although not fully elucidated, 
is to mediate tissue homeostasis and pathology at mucosal surfaces throughout 
the body. It is suggested that ILCs can be either harmful or protective depending 
on the context, and there is a notable shift in ILC numbers when comparing 
health and disease (Hazenberg and Spits, 2014). ILC1s are accumulated in, and 
possibly contribute to the pathogenesis of, chronic gut inflammation, more 
particularly Chron’s disease (Bernink et al., 2013). ILC2s participate in type-2-
mediated allergy of the respiratory system and skin (Konya and Mjosberg, 
2016). In addition, ILC2s produce amphiregulin, a protein important for tissue 
regeneration (Monticelli et al., 2011). LTi cells are essential for embryonic and 
postnatal development of lymphoid organs (Bar-Ephraim and Mebius, 2016).  
ILC3s are distributed in the intestine where they can either promote tissue 
homeostasis through IL-22 or mediate gut inflammation through IL-17 
(Sonnenberg et al., 2011, Sonnenberg, 2014). Moreover, NCR+ ILCs are enriched 
in the skin of psoriasis patients (Villanova et al., 2014). In summary, increasing 
evidence point towards ILCs involvement in several chronic inflammatory 
diseases. 

 

Figure 6. Development and functional characteristics of ILC subsets. 
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Rheumatoid arthritis (RA) 
RA is a chronic inflammatory disease that affects joint capsules throughout the 
body, often in a bilateral and symmetrical manner. The prevalence among the 
population is approximately 1% and RA is more common among women than 
men. RA is classified as an autoimmune disease, although it remains unknown 
which antigen that triggers the immune response to produce autoantibodies i.e. 
antibodies against endogenous cells. It is stated that 50% of the risk for 
development of RA is attributable to genetic factors and the main 
environmental risk is smoking (Scott et al., 2010). Increased serum levels of 
anti-citrullinated protein antibodies (ACPAs) and rheumatic factors (RFs) are 
detectable in the majority of patients (Bax et al., 2014).  

A joint is largely composed of two cartilage-covered bones surfaces surrounded 
by a capsule and strengthened by ligaments. The inner surface of the capsule, 
the synovium, comprises fibroblast-like synoviocytes that produce the synovial 
fluid filling the joint capsule. In RA, the synovium is infiltrated with 
inflammatory cells (macrophage-like synoviocytes, fibroblast-like synoviocytes 
with an altered phenotype, lymphocytes and plasma cells) and becomes 
hyperplastic, forming a so-called pannus. B and T cells cooperate to promote 
antibody responses against endogenous proteins and are considered to be major 
disease mediators. T cells also promote RA independently of B cells mainly 
through the production of key inflammatory cytokines. Macrophages present in 
the border between the pannus and the cartilage express pro-inflammatory 
cytokines (TNF-α, IL-1β), which in turn stimulate the production of MMPs 
capable of degrading cartilage, which allows the pannus to further invade the 
cartilage. Bone resorption due to RANKL-mediated osteoclast formation is also 
seen in active RA (Mölne and Wold, 2007) (Figure 6). 

Figure 6. Schematic drawing of a healthy joint (left) and a joint affected by RA (right). 
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Association between periodontitis and RA 
Despite marked differences in aetiology, the current stage of evidence suggests 
that there is a clear association between periodontitis and RA. However, the 
mechanisms underlying the association are yet to be established. According to 
Kaur et al., three different concepts of interaction have been proposed. The first 
describes how periodontitis may precede RA through citrullination of proteins 
by Pophyromonas gingivalis and subsequent production of ACPAs (to be 
elaborated below). The second suggest that the two diseases share common 
inflammatory pathways leading to osteoclast activation and vascular damage. 
The third “two hit model” suggest that periodontitis and RA exacerbate each 
other through inflammatory mediators (Kaur et al., 2013). 

Regardless of these concepts, periodontitis and RA both present with chronic 
inflammation and tissue destruction. It is suggested that the two diseases are 
closely related through similarities in the host-mediated inflammatory response 
(Bartold et al., 2005). More particularly, TNF-α and IL-1β are prominent in the 
inflammatory process of both conditions and therapeutically blocking their 
activity has beneficial effects in both periodontitis and RA. Moreover, the 
inflammatory infiltrate in both conditions is dominated by lymphocytes 
(Berglundh et al., 2011, Hitchon and El-Gabalawy, 2011). Genetic variances, i.e. 
polymorphisms, are determinant for the development of both periodontitis and 
RA. It was early discovered that polymorphisms in human leukocyte antigens 
(HLA) genes were associated with RA, (Gregersen et al., 1987) which has 
recently also been demonstrated in periodontitis (Michalowicz et al., 2000). 
Serum biomarkers are routinely used in the diagnosis of RA and many of the 
biomarkers of RA are also elevated in periodontitis, e.g. C-reactive protein 
(CRP), RF and ACPA (Noack et al., 2001, The and Ebersole, 1991, Harvey et al., 
2013). In line with this, the periodontal pathogen Porphyromonas gingivalis 
has been suggested to serve as a common etiologic link between periodontitis 
and RA due to its ability to enzymatically generate ACPAs via peptidylarginine 
deiminase (Rosenstein et al., 2004). In addition, the two diseases also share 
environmental risk factors, e.g. smoking. It has been established that 
individuals with advanced rheumatoid arthritis are more likely to experience 
more significant periodontal breakdown compared to their non-diseased 
counterparts, and vice versa. Interestingly, periodontal treatment is beneficial in 
terms of reducing the severity of RA (Al-Katma et al., 2007). Moreover, RA 
patients receiving treatment with TNF-α or IL-6 receptor inhibitors also display 
a reduction in periodontal inflammation (Kobayashi and Yoshie, 2015). 
Advocating the possibility of a casual relationship, Ramamurthy et al. could 
show that induction of experimental arthritis in rats also resulted in increased 
periodontal breakdown (Ramamurthy et al., 2005).  
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Aims 

The overall aim of this thesis was to gain extended knowledge about the role of 
chemokines in inflammatory disturbed bone remodelling and in periodontitis. 
Furthermore, the aim was to investigate if the newly discovered ILCs are 
present in periodontitis and to study the association between periodontitis and 
RA. 

More specifically, the purposes of this thesis were as follows: 

• To analyse a spectrum of inflammatory markers in serum from 
individuals with periodontitis and from periodontally healthy controls 
and to evaluate their relative importance for disease by using 
multivariate partial least squares (PLS) modelling. Moreover, we 
wanted to investigate possible sources of the periodontitis-associated 
chemokines CCL11 (referred to as eotaxin-1 in paper I) and MCP-1 by 
analysing their expression in tissue from periodontitis lesions and in 
human gingival fibroblasts (Paper I). 
 

• To analyse the expression of CCL11 and its cognate receptor CCR3 in 
vitro in bone cell cultures and in vivo in an inflammatory bone lesion 
model of mouse parietal bones. In addition, the aim was to investigate 
the effect of CCL11 on osteoclast formation, migration of osteoclast 
precursors and bone resorption in vitro (Paper II). 
 

• To explore if RA is preceded by marginal jawbone loss and elevated 
plasma levels of RANKL (Paper III). 
 

• To further characterise the cellular composition in periodontitis and 
gingivitis by analysing the presence and relative proportions of innate 
lymphoid cells (ILCs) in tissue from gingivitis and periodontitis lesions 
(Paper IV). 
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Methods 

This section contains a brief description of methodological approaches. A more 
detailed description is given within each paper. 

Humans 
All experiments involving humans or human materials in this thesis were 
approved by the Regional Ethical Review Board in Umeå and conducted 
according to the principles described in the Declaration of Helsinki and in 
accordance with Swedish Law on personal data act. Furthermore, a written 
consent was obtained from all participants. 

Gingival explants  
Gingival papillar explants were obtained from periodontally and systemically 
healthy individuals under the use of local anaesthesia.  

Paper I 
84 individuals (>35 years of age), of which 43 were periodontitis cases and 41 
were periodontally healthy controls, were recruited at the Specialist Clinic for 
Periodontology (cases) and the Public Dental Health Clinic (controls) at 
Norrlands University Hospital. Inclusion and exclusion criteria for each group 
are defined in the materials and methods section of Paper I. Clinical data 
regarding periodontal status, general health, medication, and lifestyle variables 
was recorded and a venous blood sample was collected from each participant 
into a heparinised tube and stored at the Medical Biobank of Northern Sweden. 
Three additional periodontitis patients who met the inclusion criteria and 
underwent periodontal surgery were included in the study for tissue analyses. 

Paper III 
232 individuals that were symptomatic for RA (cases) and 194 matched controls 
were identified in the register of the Medical Biobank of Northern Sweden and 
invited to participate in the study. Study participants were identified by co-
analysing the register of patients attending the Department of Rheumatology, 
University Hospital, Umeå and fulfilling the 1987 ARA classification criteria for 
RA with those of the Medical Biobank cohorts (Arnett et al., 1988). Both cases 
and controls were invited, by mail, to participate in the study and asked to fill in 
a questionnaire on self-assed dental status, smoking habits and contact 
information for their dental clinic. The selection that ultimately resulted in our 
final study group of 176 individuals is summarised in the table below. For 
further details, see paper III, patients and methods. 
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 Cases Controls Analysis 

Invited to participate 232 194 - 

 ê ê  

Responding 149 143 - 

 ê ê  

X-rays provided by dental clinic 93 83 RF, anti-CCP2, HLA-
shared epitope 

 ê ê  

X-rays prior to RA symptom 
debut 

45 45 Bone loss, RANKL 

 ê ê  

Repeated X-rays after RA 
symptom debut 

31 31 Longitudinal evaluation of 
bone loss 

 

Paper IV: Sample collection 
Tissue from periodontitis lesions was obtained from individuals undergoing 
periodontal surgery at the Specialist Clinic for Periodontology at Norrlands 
University Hospital. Tissue from gingivitis lesions was obtained from 
individuals undergoing maxillofacial surgery including extraction of one tooth 
or more at the Specialist Clinic for Oral and Maxillofacial Surgery at Norrlands 
University Hospital. Tonsils were obtained from individuals undergoing surgical 
tonsillectomy or tonsillotomy at the Ear, Nose and Throat Clinic at Norrlands 
University Hospital. Peripheral blood was collected in heparinised tubes.  

Mice 
CsA mice from our own inbred colony were used in all experiments involving 
mice. Animal care and experiments were approved and conducted in accordance 
with regulations of the Local Animal-Ethical Committee at Umeå University. 

Cell isolation and culture 
All incubation was conducted at 37°C in humidified air containing 5% CO2. 

Human gingival fibroblasts 
Gingival explants were placed at the bottom of culture dishes with α 
modification of minimal essential medium (α-MEM) supplemented with 10% 
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foetal bovine serum (FBS), L-glutamine and antibiotics, which will hereinafter 
be referred to as basic medium. The explants were left untouched for 7-10 days 
until outgrowth of fibroblasts from the explants could be observed. Medium was 
changed every other day. When submitted to experiments, the fibroblasts were 
detached and seeded at a density of 5×104 cells/cm2 in 24-well plates (12-well 
plates for western blot). After attachment overnight, basic medium was changed 
and the cells were incubated in the absence (control group) or presence of test 
substances for different time periods. Cells used in the experiments 
demonstrated a fibroblastic morphology and were used at passages 5–10. Cell 
culture supernatants were saved for protein analysis and cell lysates were either 
subjected to western blot or RNA-isolation and cDNA-synthesis. 

Mouse parietal osteoblasts 
Parietal bones from 2-4 days old mice were dissected aseptically in phosphate-
buffered saline (PBS) containing 10% FBS and cells were isolated using the time 
sequentional collagenase digestion technique as previously described 
(Boonekamp et al., 1984). In short, cells pooled from digestion fractions 6-10 
were placed in a culture bottle containing basic medium and incubated for four 
days. On day four, the cells were detached and transferred onto 24-well culture 
plates at a density of 5×104 cells/cm2. After attachment overnight, basic medium 
was changed and the cells were incubated in the absence (control group) or 
presence of test substances for different time periods. Cell culture supernatants 
were saved for protein analysis and cell lysates were subjected to RNA-isolation 
and cDNA-synthesis. The mouse parietal osteoblasts displayed an osteoblastic 
phenotype as assessed by their cyclic AMP-responsiveness to PTH, expression of 
ALP, osteocalcin and BSP in addition to their ability to form mineralised bone 
noduli (Lerner et al., 1994, Lundberg et al., 1999).  

Bone marrow macrophages (BMMs) 
The femurs and tibiae from 5-8 weeks old male mice were dissected free of 
adhering soft tissues in PBS. The cartilage/bone ends were cut off and bone 
marrow cells were flushed out of the marrow space using α-MEM in a syringe 
with a sterile needle. The marrow cells were collected in basic medium and the 
erythrocytes were lysed in ice-cold sterile water. All remaining marrow cells 
were placed on Corning culture dishes in basic medium (referred to as complete 
medium in paper II) supplemented with M-CSF, in order to stimulate 
proliferation of cells of the monocyte/macrophage lineage. After 48 h of 
incubation, non-adherent cells were discarded and remaining adherent 
macrophages were collected. From this step forward, further procedures 
depended on the purpose of the BMMs (see osteoclast formation, migration and 
bone resorption). 

 



 

 24 

Pam2-induced inflammation and bone resorption 
5 weeks old male CsA mice were injected with Pam2CSK4 (Pam2) or saline 
(control group) subcutaneously above the parietal bones as described previously 
(Kassem et al., 2015) and sacrificed after 6 days. The parietal bones were 
carefully dissected and either committed to homogenisation and RNA isolation 
or embedding, sectioning and immunohistochemical staining. 

Gene expression analysis 

RNA isolation and cDNA-synthesis 
Total RNA from fibroblasts, mouse parietal osteoblasts and BMMs were 
extracted using the commercially available RNAqueous Micro Kit according to 
instructions provided by the manufacturer. Whole mouse parietal bones were in 
a first step homogenised before RNA could be extracted. All extracted total RNA 
was treated with DNase I to eliminate genomic DNA and quantified using a 
spectrophotometer. Within the framework of each experiment, equal amounts 
of RNA (0.3-1.0 µg) were reverse transcribed into single-stranded cDNA with a 
commercially available kit. Reactions without reverse transcriptase were 
included as a negative control to verify the absence of genomic DNA in the 
samples. 

RT-qPCR 
First-strand cDNA mixture was amplified by real-time reverse transcription 
(RT)- quantitative (q) polymerase chain reaction (PCR). The RT-qPCR analysis 
was performed using TaqMan Universal PCR Master Mix in combination with 
custom designed fluorescence labelled probes and oligonucleotide primers or 
TaqMan Inventoried Gene expression assays. More detailed information 
regarding primers and probes are listed in the individual papers. The 
amplifications were detected and analysed using the ABI PRISM 7900 HT 
Sequence Detection System and associated software. To control and adjust for 
variances in amplification due to differences in initial mRNA concentrations, 
endogenous controls were used as internal standards. Human ribosomal protein 
13a (hRPL13a) were used for human samples and β-actin or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used for mouse samples. Based on 
target Ct values and hRPL13a, β-actin or GAPDH values, the relative expression 
of target mRNAs was calculated using the standard curve method. 
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Protein expression analysis 

Serum analysis 
Collection and handling of blood samples (paper I and III), including 
fractionation into plasma, serum and buffy coat and storage at -80°C, followed 
the standardised routines at the Medical Biobank of Northern Sweden, 
Västerbotten County Council, Sweden. Measurements of inflammatory markers 
in serum (paper I), including cytokines and chemokines, were performed using 
Luminex technology. In short, polystyrene beads coated with analyte-specific 
capture antibodies were added to the samples and bound to the analytes of 
interest. Next, analyte-specific detection antibodies were added followed by 
phycoerythrin-conjugated streptavidin. The beads were read on a laser 
instrument that both classified and determined the amount of bound analyte. 
The amount of CRP protein was determined using high sensitive 
immunoturbidimetric assay. In paper III, plasma concentration of the total (free 
and bound) RANKL was measured using commercially available ELISA kits in 
accordance with the manufacturer’s protocol. A cut-off value for RANKL 
positivity was defined using receiver operating characteristic (ROC) curve, 
yielding a cut off value for positivity. Positivity of anti-CCP2 antibodies, RF and 
HLA-shared epitope were analysed as previously presented (Boman et al., 
2017). 

ELISA 
Total protein concentrations were determined in tissue lysates and cell lysates 
for western blot assay using bicinchoninic acid (BCA) method in order to adjust 
for variances in starting protein concentrations. Commercially available 
enzyme-linked immunosorbent assay (ELISA)-kits were used to assess the 
amount of intracellular or released CCL11 (referred to as eotaxin-1 in paper I) 
and MCP-1 protein in cell culture medium or soft tissue lysates. Briefly, samples 
were added to wells pre-coated with analyte-specific capture antibodies prior to 
addition of an enzyme-conjugated antibody that also bound to the analyte of 
interest. Subsequent addition of an enzyme substrate resulted in a change of 
colour and its intensity, which correlated to the protein concentration, was 
analysed using a spectrophotometer.  

Western Blot 
Lysates derived from cell cultures were resolved by 10% TRIS-HCl 
polyacrylamide gel electrophoresis and proteins were transferred onto a 
nitrocellulose membrane. Protein detection was performed using primary 
polyclonal rabbit anti-human Iκα antibodies or monoclonal anti-β-actin 
followed by secondary horseradish peroxidase (HRP)-conjugated anti-rabbit 
antibodies respectively.  
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Histology and staining 
Dissected mouse parietal bones were fixed in 4% phosphate-buffered 
paraformaldehyde, decalcified in 10% ethylenediaminetetraacetic acid (EDTA) 
and embedded in paraffin. Tissue sections (5 µm-thick) were deparaffinised in 
xylene and hydrated through a series of graded ethanol-water dilutions. To 
visualise morphology, sections were stained using the Safranin O/Fast green 
staining method. Immunohistochemical staining of tissue sections or cells 
grown on glass cover slips included primary antibodies for TRAP, CCL11 and 
CCR3. After washing steps, cells/sections were incubated respectively with F-
actin or fluorescent secondary antibodies in addition to 4', 6-diamidino-2-
phenylindole (DAPI) or HRP-labelled secondary antibodies visualised with 3,3′-
diaminobenzidine (DAB) and followed by a nuclear counterstaining with 
haematoxylin. 

For live cell imaging of the internalisation of CCL11 in osteoclast cultures, 
recombinant mouse CCL11 was labelled with a fluorophore using gravity 
columns. Before imaging, osteoclasts grown on glass coverslips were transferred 
to the cell chamber and basic medium was replaced with Dulbecco’s modified 
eagle medium (DMEM) supplemented with pyruvate before addition of labelled 
CCL11. Live cell imaging was performed under controlled conditions of 5% CO2 
and at 37 °C. A detailed description is found within the methods section of paper 
II. 

TRAP staining of cells on plastic, bone slices and migration plates were 
performed using the leukocyte acid phosphatase kit according to the protocol 
provided by the manufacturer. TRAP+ cells with three or more nuclei were 
considered to be osteoclasts. The number of multinucleated osteoclasts was 
counted in a light microscope. 

Osteoclast formation, migration and bone resorption 
Depending on the purpose, BMMs derived from tibiae and femurs of mice as 
described previously, were seeded in culture wells (osteoclast formation and 
gene expression), culture dishes (migration), cover slips (immunohistochemical 
staining) or on bone slices (resorption assay) in the presence of basic medium. 
M-CSF and RANKL were added in order to stimulate osteoclast formation.  

To analyse osteoclast differentiation and numbers, the cells were harvested and 
either stained for TRAP and counted or committed to RNA isolation and cDNA 
synthesis for gene expression analysis of osteoclast-associated genes, e.g. TRAP 
and Cathepsin K.   
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BMMs subjected to the migration assay were detached from the culture dishes 
and added in a globule to the migration filters that were placed on top of wells 
containing basic medium supplemented with M-CSF and CCL11 or MCP-1. After 
5 h of incubation the excess of cells was removed from the top of the filter using 
a cell-scraper. The filters were detached from the plate, fixed and stained for 
TRAP. The number of cells stained positive for TRAP was quantified, which was 
the measure on migrated cells.  

In order to analyse the effect of CCL11 on bone resorption, BMMs were seeded 
on bone slices and recombinant CCL11 was added to the medium.  After five and 
six days all bone slices were TRAP-stained, the number of TRAP positive cells 
with three or more nuclei (osteoclasts) was counted and the size and area of the 
resorption pits were measured in reflected light. 

Flow cytometry  
The expression of cell surface markers of the different ILC subsets and RANKL 
was analysed in single cell suspensions derived from peripheral blood, tonsil or 
tissue from gingivitis and periodontitis lesions using flow cytometry. Prior to 
antibody staining, peripheral blood was fractioned and peripheral blood 
monocytes (PBMC) were collected. Tonsils were directly pressed through a 
nylon cell-strainer to obtain a single cell suspension. Gingivits and periodontitis 
tissue was first finely chopped and pre-treated in Collagenase type IV before 
pressed through the cell strainer. Subsequently, all single cell suspensions were 
stained with a mix of fluorescent antibodies against cell surface markers of ILC 
subsets and RANKL. All stainings were performed in the presence of PBS 
supplemented with human heat-inactivated serum and sodium azide. During 
staining, the samples were kept on ice and protected from light for 20 minutes. 

Radiographic assessment of bone loss 
Marginal jawbone loss was evaluated in bitewing X-rays reproducing the 
premolar/molar sections of the jaws. Other types of X-rays, such as apical and 
panoramic images, were occasionally used to confirm the assessments. For the 
pre-symptomatic RA individuals (cases) X-rays taken 1 to 7 years before 
diagnosis of the RA symptoms (referred to as year 0) were selected for 
evaluation of jawbone loss. For controls, X-rays from the matching age were 
used. Jawbone loss was scored as present or not present. Presence was scored if 
a reduction of the marginal bone level corresponding to more than 2/3 of the 
height of the crown, i.e. 3.7 mm, could be observed. The following were noted 
for each tooth: (i) intact, i.e., the tooth could be assessed in its entirety and 
showed no sign of bone loss exceeding 2/3 of the length of the tooth crown; (ii) 
bone loss (BL), i.e. the tooth displayed bone loss exceeding 2/3 of the length of 
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the tooth crown at any site. If the marginal bone level was not captured in the 
bite wing radiographs due to severe bone loss it was also scored as BL; (iii) 
missing. i.e., the tooth was missing or a retained root tip was present; (iv) not 
assessable, i.e., the tooth could not be evaluated. Total bone loss was defined as 
the sum of teeth with scored bone loss and lost teeth in proportion of the 
number of teeth assessable for scoring. 

Statistical analysis 
A detailed description of data handling and statistical analysis performed on 
data is given within each paper. In paper I, multivariate partial least squares 
(PLS) modelling was used to detect correlations between variables of an 
independent block (subject characteristics, periodontitis parameters and 
inflammatory markers) and having periodontitis or not as a dependent variable. 
All variables were auto scaled to unit variance and, except for eotaxin and MCP-
1, the inflammatory marker concentrations were logarithmically transformed 
before entered into the model. Furthermore, principal component analysis 
(PCA) was applied to evaluate clustering by smoking status and inflammatory 
markers including never and present smokers only. Moreover, Pearson 
correlation coefficients were calculated between serum concentrations of the 
inflammatory markers, BMI, and markers for periodontal status with 
logarithmic transformation of non-normally distributed variables. In paper III, 
hazard ratios (HR) (95% CI) for being a pre-symptomatic individual for RA by 
increasing total jawbone loss was calculated from Cox proportional hazard 
models using time dependent covariate (age) and adjustment for potential 
confounders (dental care giver and year X-ray was taken).  In general, for 
dichotomized data (Paper I and III), differences between proportions were 
tested with Chi2-test. For continuous, normally distributed data, differences 
between means were compared using t-test or one-way analysis of variance 
(ANOVA) with Levene´s homogeneity test and post hoc Tukey’s test for multiple 
comparisons. In order to keep type I errors to a minimum, ANOVA was the 
method of choice when comparing more than two means. When necessary, 
means were standardised for potential confounders using the general linear 
model procedure. Non-parametric tests were used to compare rankings when 
data was non-normally distributed (Paper IV). All experiments were performed 
at least twice with comparable results. The significance levels were set to 
P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). 
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Results and discussion 

Measurements of inflammatory markers in serum from 
individuals with periodontitis and periodontally healthy 
controls (paper I) 

The first task of this project, which also came to serve as a stepping-stone for the 
majority of the content of this thesis, was to perform a serological screening for 
a spectrum of inflammatory markers in periodontitis subjects and periodontally 
healthy controls.  

Serum concentrations of all analysed inflammatory markers entered a 
multivariate PLS modelling analysis together with subject characteristics and 
periodontitis parameters, which generated a model that separated periodontitis 
subjects from healthy controls. When analysing each variable separately, we 
found that elevated concentrations of CRP, CCL11 (referred to as eotaxin-1 in 
paper I) and MCP-1, in addition to smoking and age, were significantly 
associated with periodontitis. It has been established that smoking is entailed 
with an estimated 3-5 fold increased risk of developing periodontitis, which is in 
accordance with our results (Eke et al., 2015, Papapanou, 1996). On the 
contrary, the presence of more own teeth and a higher education level were 
factors associated with periodontal health, as previously described by others 
(Eke et al., 2015). In accordance with the results from the multivariate model, 
serum levels of CRP, CCL11 and MCP-1 were significantly higher in periodontitis 
subjects. Interestingly, the differences in CRP and MCP-1 could only be 
observed within normal weight subjects, which can be explained by the fact that 
we detected a positive correlation between BMI and serum levels of CRP and 
MCP-1. 

Elevated serum levels of MCP-1 in periodontitis have previously been described 
(Gupta et al., 2013, Pradeep et al., 2009), but elevated serum levels of CCL11 
have only been detected in a small Brazilian cohort (de Queiroz et al., 2008). 
Interestingly, decreased levels of CCL11 and MCP-1 in GCF following 
periodontal therapy have also been demonstrated (Thunell et al., 2010). There 
are numerous reports on elevated serum levels of CRP in periodontitis (Noack et 
al., 2001). However, to the best of our knowledge, we are the first to show the 
explanatory power of CCL11 and MCP-1 in periodontitis using multivariate PLS 
modelling including known disease confounders, and our results validate and 
strengthen the association between CCL11 and MCP-1 with periodontitis found 
by other groups. Our results also support the theory of a systemic increase in 
inflammatory markers in periodontitis, suggesting that serological screenings 
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could be performed in order to detect periodontitis. Serological biomarkers are 
used in the diagnosis, prognosis evaluation, and surveillance of other chronic 
inflammatory diseases. However, there are aggravating factors that need to be 
taken under consideration when discussing serological biomarkers. In fact, 
serologic biomarkers are rarely disease specific and they can often only be used 
as a complement to conventional diagnostic methods. For example, CRP is an 
acute phase protein that is elevated during several bacterial infections, RA and 
cancer. Neither are CCL11 nor MCP-1 periodontitis-specific, since they are both 
also systemically increased in rheumatoid arthritis (Kokkonen et al., 2010, 
Pavkova Goldbergova et al., 2012), for example. Although our cohort did not 
present with any other known diseases except for periodontitis, there might be 
underlying subclinical inflammation present in some of the individuals that 
might contribute to increased serum inflammatory markers. High BMI 
represents a condition that may give rise to subclinical inflammation and 
systemically increased levels of inflammatory mediators (Utsal et al., 2012, Kim 
et al., 2006). BMI is also associated with an increased risk of periodontitis 
(Chaffee and Weston, 2010), possibly due to elevated levels of pro-inflammatory 
cytokines (Boesing et al., 2009). There are several reports on the association 
between BMI and MCP-1, and the fact that we were able to show increased 
levels of CRP and MCP-1 in normal weight subjects suggests that both BMI and 
periodontitis can contribute to a systemic increase in these markers. 

Expression and regulation of CCL11 and MCP-1 in 
periodontitis tissue and in human gingival fibroblasts (Paper 
I) 

Prompted by our initial findings, we wanted to investigate if the periodontitis-
associated chemokines CCL11 and MCP-1 could be originating from the 
periodontitis lesion. Using ELISA, we could identify increased levels of MCP-1 
in periodontitis tissue compared to non-inflamed tissue, which is in line with 
studies conducted by others (Yu et al., 1993). Apart from a study by Lorena et al. 
that demonstrated the presence of CCL11 in oral mucosa (Lorena et al., 2003), 
there is no available information regarding CCL11 in periodontitis tissue. 
Initially, we were unable to detect CCL11 protein in our samples. In follow-up 
analyses performed after publication of these findings, we were able to detect 
increased levels of CCL11 in periodontitis, using an ELISA kit with a wider 
detection range (unpublished data). The gingival fibroblast is the predominant 
cell type in gingival connective tissue. In addition to constructing collagen, 
gingival fibroblasts are able to act during inflammatory conditions by regulating 
the host’s immune response due to production and release of pro-inflammatory 
cytokines, chemokines and prostaglandins. Hence, we analysed the expression 
of CCL11 and MCP-1 in human gingival fibroblasts and could demonstrate 
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increased expression of MCP-1 and CCL11 mRNA and protein in the cells when 
they were challenged with TNF-α and IL-1β, key mediators of periodontal 
inflammation. Other research groups have also demonstrated expression of 
CCL11 and MCP-1 in human gingival fibroblasts (Hosokawa et al., 2013, Sawada 
et al., 2013), which strengthens our results, but we could add that the observed 
effects were both time- and concentration dependent. Addition of three different 
pharmacological inhibitors of the intracellular pathway of NF-κB, which is a 
pathway commonly used by TNF α and IL-1β (Baldwin, 1996), resulted in a 
considerable decrease in CCL11 and MCP-1 mRNA expression. Thus, it was 
concluded that NF-κB signalling mediates expression of CCL11 and MCP-1 by 
TNF-α and IL-1β in human gingival fibroblasts. 

In summary, the gathered results in paper I demonstrate that periodontitis is 
characterised by systemically (serum) and locally (gingiva) increased levels of 
CCL11 and MCP-1, and that the chemokines are produced by gingival fibroblasts 
in response to TNF-α and IL-1β through activation of the intracellular signalling 
pathway NF-κB. 

Expression of CCL11 and CCR3 during inflammatory 
conditions in vivo in an inflammatory bone lesion model of 
mouse parietal bones and in vitro in bone resident cells 
(Paper II) 

Chemokines are suggested to be involved in several aspects of bone metabolism 
including the recruitment of leukocytes of the monocyte/macrophage lineage 
from the bone marrow and later the formation of bone resorbing osteoclasts. 
Thus, we wanted to further investigate the role of CCL11 and MCP-1 in 
inflammatory disturbed bone remodelling. It has previously been demonstrated 
that MCP-1 is expressed in osteoblasts (Williams et al., 1992) and during 
osseous inflammation (Rahimi et al., 1995). Furthermore, Li et al. showed that 
MCP-1 mediates the migration and subsequent fusion of osteoclast precursors 
(Li et al., 2007). In a mouse model of experimental periodontitis induced by 
Porphyromonas gingivalis, mice that were treated with a CCR2-antagonist 
were less prone to develop marginal jawbone loss (Barros et al., 2011). On the 
contrary, little is known regarding the function of CCL11 and its receptor CCR3 
in bone metabolism, which prompted us to analyse CCL11 and CCR3 expression 
in an in vivo inflammatory bone lesion model and in vitro in bone resident cells. 

First we analysed the CCL11 expression in vivo. Subcutaneous injection of toll-
like receptor agonist Pam2 above the parietal bones of 5 weeks old mice, 
according to Kassem et al. (Kassem et al., 2015) induced a potent inflammatory 
response and extensive bone resorption in the parietal bones, which in 



 

 32 

morphologically stained sections of bone was seen as an infiltration of 
inflammatory cells, presence of osteoclasts and disruption of normal bone 
structure. Mice of the control group, which received saline injection, maintained 
their normal bone structure. The prevailing inflammatory process was 
confirmed by mRNA analysis on homogenates of parietal bone derived from 
parallel experiments, by which we could demonstrate increased expression of 
TNF-α and IL-1β mRNA in bones of Pam2-treated mice. Next we investigated if 
Pam2-induced inflammation and bone resorption resulted in local production of 
CCL11 using immunohistochemical methods. In the saline-treated group as well 
as in the Pam2-treated group, CCL11 protein was detected in all periosteal 
osteoblasts and in a few cells in the marrow space. Multinucleated cells adjacent 
to bone surfaces in samples from Pam2-treated mice also stained positive for 
CCL11, and by TRAP staining we could verify that these cells were indeed 
osteoclasts. By quantitatively assessing mRNA levels in homogenates of parietal 
bones, we could confirm increased levels of CCL11 in Pam2-injected mice 
compared to saline control.  

In our in vivo model, we identified CCL11 positivity in mouse parietal 
osteoblasts and also in osteoclasts, which prompted us to further investigate 
their respective mRNA and released protein expression of CCL11. Mouse 
parietal osteoblasts demonstrated increased CCL11 expression, both mRNA and 
released protein, in response to TNF-α and IL-β. Apart from a study by Röhner 
et al., that reported enhanced CCL11 protein expression in human osteoblasts 
due to exposure by polyhexanide (Rohner et al., 2015), constitutive and 
inflammatory stimulated expression of CCL11 in osteoblasts have not previously 
been investigated. Furthermore, we analysed CCL11 mRNA expression in BMM 
cultures, to which M-CSF and RANKL were added in order to promote 
osteoclast differentiation. Most surprisingly, CCL11 mRNA expression was 
undetectable in RANKL-derived osteoclasts, despite the presence of osteoclasts 
with marked positivity for CCL11 in the in vivo model. In accordance with our 
findings, there are no previous reports on CCL11 expression by osteoclasts. We 
hypothesised that the CCL11 that was evident on osteoclasts in the 
immunohistochemically stained sections, might be receptor-bound and not 
expressed by the osteoclasts themselves.  

Due to the fact that CCL11 is capable of interacting with several CC chemokine 
receptors  (CCR2, CCR3 and CCR5), we proceeded to investigate if osteoclast 
differentiation affected the mRNA expression levels of these receptors. CCR3 is 
the main receptor for CCL11 (Daugherty et al., 1996) and interestingly, CCR3 
mRNA expression was significantly upregulated during osteoclast 
differentiation at 2 and 3 days of culture. In contrast, the mRNA levels of CCR2 
and CCR5 were significantly downregulated. These results are in accordance 
with previous reports demonstrating that CCR3 is expressed during RANKL-
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mediated osteoclastogenesis and that both CCR2 and CCR5 are suppressed 
(Lean et al., 2002, Kominsky et al., 2008, Matsubara et al., 2012). We could also 
confirm that the expression of CCR2, CCR3 and CCR5 in human osteoclasts 
displayed a similar pattern (unpublished data). Taken together, these 
observations strengthened our theory of receptor-bound CCL11 in osteoclasts, 
which in turn encouraged further studies on receptor-ligand interaction. 

CCL11 binding and effects on osteoclast formation, migration 
of osteoclast precursors and bone resorption (Paper II) 

In order to visualise the subcellular localisation of CCR3, RANKL-derived 
osteoclasts were co-immunolabelled for CCR3 and F-actin. The latter is a multi-
functional protein that forms the microfilaments constituting the osteoclasts 
cytoskeleton (Woo et al., 2002). By including F-actin, we could depict the 
osteoclast morphology in its entirety and use it as a guide when localising CCR3. 
Confocal microscopy revealed that CCR3 was localised to protrusions and 
ruffled borders in mononuclear preosteoclasts. In mature multinuclear 
osteoclasts, CCR3 was detected at the tip of thin actin-rich protrusions polarised 
to specific areas of the cells, in addition to showing a homogeneous intracellular 
distribution. The localisation of CCR3 on osteoclasts has to our knowledge not 
been described previously. The polarised localisation of CCR3 suggested that it 
might be important to sense the environment, facilitate motility and guide 
migration of osteoclasts to resorption sites (Kanehisa et al., 1990). In mast cells, 
CCL11 causes migration through interaction with CCR3, downstream activation 
of Rac and ERK and subsequent cytoskeletal rearrangements (Woo et al., 2002). 
In order for CCL11 to interact with CCR3 on osteoclasts, it would require direct 
contact and interaction with CCR3. To study the possible interaction between 
CCL11 and CCR3 in osteoclasts we first wanted to investigate if we could detect 
co-localisation of CCL11 and CCR3 on cell surfaces. We immunolabelled CCL11 
and CCR3 in parietal bone sections from mice treated with Pam2, in which 
osteoclasts were present on bone surfaces. We found that osteoclasts and 
osteoblasts stained positive for both CCL11 and CCR3. In osteoclasts, it was 
apparent that the localisation of CCL11 overlapped with that of CCR3 in discrete 
areas at the subcellular level. This finding suggests that there is a possible 
interaction between CCL11 and CCR3, which in turn might be important for 
osteoclast function.  

The RANKL-mediated upregulation of CCR3 during osteoclast differentiation, 
together with the evident co-localisation of CCL11 and CCR3 in osteoclasts from 
sites displaying inflammatory disturbed bone remodelling, raised the question 
whether CCL11 binding could stimulate osteoclast formation, migration of 
osteoclast precursors and bone resorption. Using live imaging, we visualised the 
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interplay between fluorescently labelled CCL11 that was added to osteoclasts 
cultured on glass, and it was revealed that CCL11 was efficiently internalised 
within osteoclasts. Addition of CCL11 to RANKL in BMM cultures had no effect 
on osteoclastogenesis as assessed by the number of osteoclasts. To investigate 
chemotactic migration of osteoclast precursors, we used a migration assay in 
which osteoclast precursors were allowed to migrate towards CCL11. These 
experiments demonstrated, for the first time, that CCL11 significantly 
stimulated the migration of osteoclast precursors. In year 2000, Votta et al. 
investigated the effects of eotaxin-2 on the migration of osteoclast precursors 
and found that it had no chemotactic effect (Votta et al., 2000). Eotaxin-
2/CCL24 is despite similarities in nomenclature, not closely related to 
CCL11/eotaxin-1, thus our results are not comparable. In fact, CCL11 and MCP-1 
are more closely related, showing 66% amino acid sequence homology. MCP-1, a 
chemokine with known effects on the migration of preosteoclasts, (Li et al., 
2007) was included in the assay as a positive control. Ultimately we wanted to 
study if CCL11, in addition to the chemotactic effects on osteoclast precursors, 
could also enhance bone resorption or modulate the resorption pattern. The 
addition of CCL11 to RANKL in BMMs cultured on bone slices resulted in an 
altered pattern of bone resorption, more particularly an increase in total 
resorption area. 

In summary, the highly interesting findings of paper II describe newly 
discovered properties of CCL11 in inflammatory disturbed bone remodelling. 
We were able to demonstrate co-localisation of CCL11 and CCR3 on osteoclasts, 
and describe important effector functions of CCL11 on osteoclast precursors and 
osteoclasts. However, our findings can only indicate, but not prove, that CCL11 
exerts its effects through binding to CCR3. It would seem logical that the 
CCL11/CCR3 axis is indeed activated since CCL11 shows very high affinity to 
CCR3 compared to other chemokine receptors. In osteoarthritis and rheumatoid 
arthritis, both chronic inflammatory diseases with disturbed bone remodelling, 
it has been demonstrated that CCR3 is upregulated and participate the 
inflammatory process by activating fibroblast-like synoviocytes (Chang et al., 
2016, Liu et al., 2017). Further studies involving CCR3-deficient mice are 
necessary in order to elucidate the causative effects of the interaction between 
CCL11 and CCR3.  

Radiographically assessed jawbone loss in pre-symptomatic 
RA cases and matched controls (Paper III) 

Despite marked differences in aetiology, periodontitis and RA share several 
common features and it is suggested that they are inter-related. The association 
between the two diseases is evident, but the extent and type of association have 
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not yet been determined (Araujo et al., 2015), presumably due to the lack of 
prospective studies performed within the field. 

In paper III, we aspired to assess whether periodontitis, displayed as marginal 
jawbone loss, preceded the onset of symptoms of RA and if plasma RANKL-
levels were related to jawbone loss in individuals who subsequently develop RA.  

The basic study group consisted of 176 individuals from which dental 
radiographs could be obtained. There were no differences in the proportions of 
men/women, never/ever smokers and dental care provider as well as mean age 
and birth year between the groups. Among the pre-symptomatic cases in the 
basic study group, 79% were RF positive and 75% were anti-CCP2 positive, 
which is in accordance with other studies (Verheul et al., 2015, Abdel-Nasser et 
al., 2008). Out of these 176 individuals, we could identify 45 future RA cases 
(referred to as pre-symptomatic individuals) with X-rays available prior to RA 
symptom debut and 45 controls matched for sex, age and smoking status. 
Marginal jawbone loss was evaluated in X-rays from the 45 matched pairs. 

Although our study material was limited, univariate analyses revealed that the 
mean number of intact teeth (number of teeth where jawbone loss did not 
exceed 2/3 of the height of the tooth crown) was significantly lower in pre-
symptomatic individuals compared to controls. In accordance, pre-symptomatic 
individuals also had a higher proportion of teeth with jawbone loss. 
Stratification for smoking habits revealed that the differences were only seen in 
subjects who reported always being non-smokers. Further analyses between 
developing RA symptoms and degree of jawbone loss were performed in all 45 
matched pairs. After adjustment for potential confounders, we detected a 
positive association between developing RA and jawbone loss among the non-
smokers. The fact that no association between marginal jawbone loss and RA 
was observed among smokers, which corresponds with a study by Potikuri 
(Potikuri et al., 2012), is highly interesting. Smoking is a common 
environmental factor associated with both diseases, which could explain why 
the association was only evident in non-smokers. Furthermore, the longitudinal 
analyses of bone loss revealed that the increment in mean bone loss was higher 
in pre-symptomatic individuals than in matched controls. 

Due to the fact that we investigated marginal jawbone loss before onset of RA, 
our results are not comparable to cross-sectional studies performed within the 
field that have been able to demonstrate that RA patients display higher 
prevalence of periodontitis (Kasser et al., 1997, Mercado et al., 2001, Pischon et 
al., 2008, Garib and Qaradaxi, 2011, de Smit et al., 2012, Scher et al., 2012, 
Potikuri et al., 2012, Joseph et al., 2013). In line with our findings, Hashimoto et 
al. demonstrated that among patients with arthralgia, those who also had 
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periodontitis presented with higher arthritis activity and were more likely to 
receive treatment with methotrexate (Hashimoto et al., 2015). There are studies 
with contradictory results (Demmer et al., 2011, Eriksson et al., 2016), which 
could be due to several aggravating factors, including diversities in disease 
classifications, cohort sizes and the fact that treatment of RA could affect 
periodontal health (Kobayashi and Yoshie, 2015). A prospective study by 
Arkema and collaborators found no association between severe periodontitis, 
estimated by the history of periodontal surgery and/or tooth loss, and the risk of 
RA (Arkema et al., 2010). The different results between the study by Arkema et 
al. and our study could be due to the fact that only individuals with severe 
periodontitis undergo periodontal surgery and because of that, the results are 
not applicable to the general population. Estimation of marginal jawbone loss 
gives a more nuanced description of the severity of the periodontal disease. 
However, evaluation of jawbone loss is not sufficient in order to diagnose and 
classify periodontal disease, which is an indisputable weak point of our study. 
Information regarding periodontal status (gingival pocket depth and gingival 
bleeding) was either lacking our inconsistent in the available material, thus we 
were not able to diagnose or classify periodontitis. However, it is reasonable to 
believe that the marginal jawbone loss was caused by past or present 
periodontitis.  

Herein, we found that RANKL positive pre-symptomatic individuals had a 
significantly higher extent of marginal jawbone loss and we could also show a 
modest correlation between plasma concentrations of RANKL and jawbone loss. 
The fact that RANKL positive pre-symptomatic individuals had more severe 
marginal jawbone loss indicates that there may be a sub-group of pre-
symptomatic individuals who share a pathological pathway of inflammatory 
disturbed bone remodelling with individuals with severe periodontitis. It must 
be clarified that our investigation is not sufficient to determine if marginal 
jawbone loss is the source of RANKL or if RANKL is causative for the 
development of RA in pre-symptomatic individuals. Furthermore, the 
concentration of RANKL was significantly higher in pre-symptomatic 
individuals positive for ACPA or RF but we were unable to detect a correlation 
between RF positivity and jawbone loss in any of the groups. The highest values 
of jawbone loss were detected in pre-symptomatic individuals that were both 
ACPA and RANKL positive. ACPAs have previously been described in 
periodontitis (de Pablo et al., 2014) and the periodontal pathogen 
Porphyromonas gingivalis is capable of producing citrullinated proteins and 
generate ACPAs. Thus, it is hypothesised that ACPAs may act as a possible link 
between periodontitis and RA (Rosenstein et al., 2004, Krishnamurthy et al., 
2016). Moreover, ACPAs are shown to potentiate RANKL-induced osteoclast 
formation and bone resorption (Krishnamurthy et al., 2016) it is possible that 
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our findings on high jawbone loss RANKL-positive pre-symptomatic individuals 
could be driven by ACPAs  

The observations made in paper III, although interpretation should be careful 
due to our reported study limitations, support the view of an association 
between periodontitis and RA but additional research is needed to determine 
whether there is a causative link between periodontitis and RA or if the diseases 
are simply the outcome of a pattern of inflammatory disturbed bone 
remodelling present in susceptible individuals. 

Presence and relative proportions of ILCs and their 
expression of RANKL in gingivitis and periodontitis (Paper IV) 

The increasing evidence of ILCs as important actors in the pathogenesis of 
chronic inflammatory diseases at mucosal surfaces together with the fact that 
there is a deficient picture of the cellular composition in gingivitis and 
periodontitis lesions prompted us to investigate the presence of ILCs in these 
conditions. 

We applied the classification of ILC subsets as defined by Hazenberg and Spits 
(Hazenberg and Spits, 2014), and by using this approach, cells that did not 
express cell surface markers for T-cells (CD3-) and lineage (CD1a- CD3-, CD14-, 
CD19- CD34- CD94- CD123- FcεR1α- TCRαβ- TCRγδ- BDCA2-) but being CD127+ 
and CD161+ were selected for further characterisation. From this step forward, 
the cells were divided into the different ILC subsets: ILC1 (CRTH2- CD117-), 
ILC2 (CRTH2+), NCR- ILC3 (CRTH2- CD117+ NKp44-) and NCR+ ILC3 (CRTH2- 

CD117+ NKp44+).  

We detected twice as many ILCs in periodontitis as in gingivitis, as could be 
expected since it has been demonstrated that the inflammatory infiltrate in 
gingivitis is not as extensive as in periodontitis (Berglundh et al., 2011). Only a 
few leukocytes and sporadic ILCs were detected in healthy gingiva. The numeric 
difference between the groups did not reach statistical significance, which can 
possibly be explained by the relatively few tissue samples included in the 
analysis in combination with large dispersions in ILC numbers. Surgery directed 
towards gingivitis sites in adults was rarely performed, which made it 
problematic to gather enough gingivitis tissue. In addition, all tissue samples 
had to be handled and analysed immediately following surgery, which resulted 
in extensive laboratory work. ILCs constitute a recently identified group of 
leukocytes and to the best of our knowledge, these cells have not been described 
in gingivitis or periodontitis previously. In 2013, Gladiator and colleagues 
demonstrated that IL-17 producing ILCs are present in oral mucosa and mediate 
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host defence mechanisms against fungal infection (Gladiator et al., 2013). In 
addition, Dutzan et al. recently demonstrated the presence of ILCs in healthy 
gingiva (Dutzan et al., 2016). Our findings on the presence of ILCs in gingivitis 
and periodontitis provide a new insight into the cellular composition of these 
conditions. 

Furthermore, we analysed the proportions of different ILC subsets in gingivitis 
and in periodontitis. The presence of all four subsets could be detected to 
varying degrees in both conditions, whereas ILC1s constituted the majority of 
the ILC compartment followed by NCR- ILC3s. The proportions of ILC2s and 
NCR+ ILC3s were almost negligible. Interestingly, in periodontitis there was a 
proportional and numerical increase in ILC1s (a 2.5 fold increase in the number 
of cells compared to gingivitis). ILC1s are enriched in chronic inflammation of 
the gut (Bernink et al., 2013), and contribute to disease pathogenesis through 
dysregulated production of IFN-γ in response to IL-12. Accordingly, an antibody 
targeting IL-12 might be beneficial for Chron’s patients that do not respond to 
anti-TNF treatment, possibly through reduced levels of IFN- γ (Mannon et al., 
2004). The same antibody has also been suggested to be beneficial in the 
treatment of periodontitis (Moutsopoulos et al., 2017). Periodontitis is reflected 
by increased levels of IFN-γ in serum, saliva and GCF (Andrukhov et al., 2011, 
Isaza-Guzman et al., 2015, Papathanasiou et al., 2014). However, the role of 
IFN-γ in periodontitis and inflammatory disturbed bone remodelling is not fully 
elicudated and the studies performed within the field are contradictory. It is 
suggested that IFN-γ might stimulate osteoclast formation and bone resorption, 
either directly (Madyastha et al., 2000) or by inducing TNF-α or RANKL (Gao et 
al., 2007), which in relation to our findings propose a function of ILC1 in 
periodontitis. In contrast, IFN-γ has also been demonstrated to inhibit 
osteoclastic formation (Kamolmatyakul et al., 2001), and it is speculated if the 
effect of IFN-γ on osteoclastogenesis might be biphasic (Cheng et al., 2012). 

Since ILCs, particularly ILC1s were more abundant in periodontitis than in 
gingivitis we hypothesised that they might possess unknown osteotropic 
properties. Hence, we analysed the expression of RANKL on different ILC 
subsets and detected a RANKL expression that was almost exclusively limited to 
ILC1s. This finding adds a new property to ILCs and suggests that they be 
involved in inflammatory disturbed bone remodelling throughout the body. 
However, studies involving a larger number of samples and preferably 
mechanistic studies are required to elucidate the role of ILCs in gingivitis and 
periodontitis. 
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Conclusions 

The gathered observations presented in this thesis indicate that the chemokines 
CCL11 and MCP-1 may be involved in inflammatory disturbed bone remodelling 
and in the pathogenesis of periodontitis. The finding of ILCs in gingivitis and 
periodontitis provides a new insight into the cellular composition of these 
conditions and into the field of oral immunology. Furthermore, the results also 
support the theory of an association between periodontitis and RA. In summary, 
the findings supporting our conclusions are: 

• Serum levels of the chemokines CCL11 and MCP-1 are identified as 
clearly associated with periodontitis. Periodontitis is reflected by 
systemically (serum) and locally (gingiva) increased levels of CCL11 and 
MCP-1. Primary human gingival fibroblasts display strongly increased 
NF-κB-dependent expression of CCL11 and MCP-1 mRNA and protein 
in response to TNF-α and IL-1β 
 

• CCL11 is expressed by osteoblasts during inflammatory conditions in 
vitro and in vivo. Osteoclasts do not express CCL11, but its cognate 
receptor CCR3 is significantly upregulated during osteoclast 
differentiation. Furthermore, CCL11 co-localises with CCR3 on the 
surface of osteoclasts and exogenous CCL11 added to cell cultures is 
internalised within osteoclasts. CCL11 has a positive effect on the 
migration of osteoclast precursors and stimulates osteoclastic bone 
resorption in vitro. 
 

• ILCs are more abundant in periodontitis than in gingivitis and the 
majority of ILCs, in both conditions, belong to the ILC1 subset. 
Furthermore, RANKL expression is observed almost exclusively on 
ILC1s compared to other subsets. 
 

• Marginal jawbone loss precedes the onset of symptoms of RA, 
particularly in non-smoking pre-symptomatic individuals. Moreover, 
RANKL positive pre-symptomatic RA-individuals display a significantly 
higher degree of marginal jawbone loss, particularly in addition to 
ACPA positivity.  
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