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RA is a chronic inflammatory disease that is challenging to model in vitro.  Historically 

cells have been cultured out of the joint, particularly Type B fibroblast-like synoviocytes (FLS) 

in monolayer culture conditions, in order to model behavior of disease-specific cells for drug 

screening as well as potential therapeutic discovery.   In order to better recapitulate the in situ 

tissue microenvironment, improvements were made to various components of in vitro modeling 
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of synovium, a soft lining tissue within diarthroses important both in health and disease.  First, in 

order to obtain healthy, viable, and representative cells from synovial tissue—including resident 

FLS as well as infiltrating mononuclear cells—current techniques used for tissue disaggregation 

and cell isolation were optimized, resulting in improved yield and quality of isolated cells.  

Subsequently, peripheral blood-derived monocytes were used to generate model macrophages 

and osteoclasts for inclusion in co-culture experiments with FLS in order to model the in vivo 

interactions between resident Type A (macrophage-like) and Type B (fibroblast-like) 

synoviocytes as well as resident FLS and giant bone-resorbing cells that form in chronic 

inflammatory conditions such as RA and mediate destruction of periarticular bone ; coculture 

experiments yielded interesting observations that may mimic in vivo behavior.  Finally, in order 

to to better reflect three-dimensional in situ interactions between resident FLS and matrix 

components, FLS were plated in micromass culture using Matrigel.  These initial experiments 

with 3D culture appeared to better reflect certain aspects of FLS behavior in vivo, particularly in 

response to TNFɑ, a pro-inflammatory cytokine involved in RA pathogenesis. 
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INTRODUCTION TO THE 

DIARTHROTIC JOINT, SYNOVIUM, AND 

COMMON ARTHROPATHIES 

The architecture of the diarthrodial joint, such as the hip or knee, admits free motion with 

the assistance of friction-reducing and lubricating articular tissues (Figure 1).  A layer of low 

friction articular cartilage coats the end of each bone to distribute the stress of heavy loads and 

prevent attrition caused by bone-on-bone abrasion1.  Synovium, a soft tissue lining layer whose 

presence distinguishes diarthroses from other types of joints (such as fibrous joints), provides 

nutrition and lubrication to the avascular cartilage2.  The synovial membrane is present on all 

aspects of the diarthrotic joint with the exception of the articulating surfaces themselves (i.e. 

bone and cartilage) including tendons (tendon sheath), bursae (fluid-filled sacs that function as 

friction-reducing padding in some diarthroses), fatty adipose tissue (like that of the infrapatellar 

fat pad in the knee), and fibrous tissue3,4,5.  The joint capsule—an envelope-like structure 

contiguous with the ends of both articulating bones providing structural stability to the joint—

consists of two layers, an outer fibrous layer and an inner synovial membrane4. 
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Diseases of Diarthroses 

There are many different types of arthritides associated with diarthroses (movable joints) 

that can be infectious, metabolic (uric acid buildup resulting in gout), degenerative 

(osteoarthritis), or inflammatory (autoimmune diseases including rheumatoid arthritis and 

psoriatic arthritis) in nature.  The focus of this thesis is rheumatoid arthritis, an immune-mediated 

inflammatory disease6,7.  For comparison, RA—associated with the targeting of articular 

cartilage by dysregulated autoimmune and inflammatory pathways—will be contrasted with the 

“non-inflammatory” joint disease osteoarthritis (OA) caused by the mechanical “wear-and-tear” 

of cartilage and positively correlated with factors such as old age, obesity, repetitive micro-

injury, or trauma8. 

 

Rheumatoid Arthritis 

Rheumatoid arthritis (RA) is a systemic autoimmune syndrome that affects 0.5-1% of the 

world’s population9, the majority being women10.  One critical target of RA is diarthrodial 

(moveable) joints11, which results in progressive joint destruction in the majority of patients (80-

85%)12, disability, and pain.  Importantly, this permanent damage occurs early on in the disease, 

usually within the first two years after clinical onset13,14. 

 RA is the result of complex interactions between genes and the environment.  In the pre-

articular stage (pre-RA), individuals with a certain genetic background are exposed to random 

environmental challenges that may encourage neoepitope formation, which in turn can become 

the target of a dysregulated immune system.  In a large subgroup of RA patients, citrullination of 

self-proteins prompt the generation of anti-citrullinated protein antibodies (ACPAs)15.  
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Subsequently, for unknown reasons a combination of this pre-RA breach of immunological 

tolerance and tissue-derived mechanisms results in joint-specific inflammation and collateral 

periarticular destruction of cartilage and bone16.  In addition, this localized inflammation in the 

joint, through the release of cytokines and other soluble mediators of disease, can have 

deleterious effects on other organ systems, including the heart, skin, bone, lung, kidney, and 

nervous system17.  It is these extra-articular manifestations of disease that increase mortality for 

RA patients and further define the multifaceted nature of the RA syndrome18.  An RA diagnosis 

is associated with early death; an RA patient can expect to live 3 to 18 years less to compared to 

control individuals of the same age and sex19.  The risk of premature death increases if the 

individual is older, female, and seropositive (rheumatoid factor is detectable)20. 

 It has become clear that RA is not a single disease, but rather a heterogeneous RA 

syndrome whereby a multitude of pathways all converge to a similar clinical terminus21 

characterized by aggressive, symmetric (affecting the same joint on both sides of the body) 

polyarthritis that precedes rapid cartilage and bone destruction and life-shortening systemic 

disorders22.  This is exemplified by the fact that administration of current therapies—including 

disease-modifying anti-rheumatic drugs (DMARDS) such as methotrexate and the newer, 

antibody-based biologics that target specific proteins involved in the immune response and 

inflammation including TNFα, the IL-6 receptor, CTLA-4, and CD2023—results in variable 

patient response and does not completely remit disease even in receptive patients24. 

 Currently, RA is largely diagnosed based on clinical evaluation and supplemental 

serological tests as defined by the American College of Rheumatology/European League Against 

Rheumatism criteria21.  Symmetric polyarthritis is a clinical hallmark of the disease with joint 
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swelling of small joints of the hands, feet, and wrist being especially common25.  However, the 

majority of joints can be affected, including larger joints of the knee and hip25. 

In addition to the number of swollen or painful diarthrodial joints, serological tests 

measuring general markers of inflammation associated with the acute phase response—including 

CRP (C-reactive protein) and ESR (erythrocyte sedimentation rate)—and blood-based assays 

capable of detecting the presence of autoantibodies are also used to aid in diagnosis.  

Rheumatoid factor (RF), an antibody directed against the Fc portion of IgG antibodies, has long 

been used to assist in diagnosis of RA, but its presence is not exclusive to RA26.  More recently, 

the presence of anti-citrullinated protein antibody (ACPA) has been shown to have clinical 

diagnostic and prognostic value15.  The ELISA-based cyclic citrullinated peptide (CCP) assay is 

the most commonly used method of detecting ACPAs.  High titers of ACPA are very specific for 

RA (reported specificities range from 86-96% for the latest generation CCP2 and CCP3 assays), 

but like RF, their presence is not necessary for an RA diagnosis (reported sensitivities range from 

68-79% for the later generations of CCP assays: CCP2 and CCP3).15,27,28,29,30 

 

Unmet Need in Treatment of RA 

RA, for which there is currently no cure, presents a significant economic burden on 

health systems and patients31.  Direct costs associated with detection, treatment and prevention of 

RA are sizeable as sustained remission is rarely achieved so most patients require continuous 

treatment to control flares and prevent irreversible joint damage11.  Although conventional and 

biologic therapies have proven to be effective in ameliorating RA symptoms32-38, current 

treatment options can fail or have limited efficacy, as is the case when treating patients using 

monoclonal antibodies directed at TNFα, one of the most successful strategies used clinically to 
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manage RA39.  20-40% of patients who are given anti-TNFalpha agents such as etanercept, 

adalimumab, and infliximab do not meet the criteria for 20% improvement (ACR20) as defined 

by the American College of Rheumatology24.  In addition, even patients initially receptive to 

treatment with these drugs may have to cease treatment because prolonged use has rendered 

them no longer responsive to the agent or negative side effects outweigh any benefits35-37.  Thus, 

oftentimes patients and their doctors must transition from expensive treatment that has failed to 

retard disease successfully to expensive joint replacement surgery40.  In addition to the direct 

medical costs associated with life-long treatment and/or surgery, indirect costs suffered by 

patients and their caregivers due to decreased productivity (work-related absence or reduced 

performance) and immeasurable losses in self esteem and quality of life must also be taken into 

account40. 

One major unmet need in medicine is the shortage of diagnostic and prognostic markers 

that can accurately identify RA without relying on late-presenting clinical manifestations in the 

joint or are capable of stratifying patients based on predicted response to therapy or rapidity of 

disease progression.  Currently rheumatologists must use a “trial-and-error process” in 

prescribing therapies for RA as there are no standards to assist physicians in predicting which 

pharmacological agent will succeed in a given patient41.  One of the prospective goals of 

translational research would be to identify molecular taxonomies within RA that could be used to 

match the most effective available treatment with the appropriate patient as quickly as possible, 

justify the early use of more aggressive treatment strategies if a particular phenotype is 

associated with poor health outcomes, or even potentially promote the discovery of novel 

therapeutic agents by elucidating the different pathogenic mechanisms that both trigger and 

sustain RA11.  
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Pathogenesis 

Gene-Environment Interaction in The Development of Preclinical 

AutoImmunity 

RA pathophysiology includes a pre-articular phase, characterized by a gradual 

breakdown of systemic immunological tolerance, that can precede clinical onset of the disease 

for months to several years16.  This preclinical stage is defined by the presence of autoantibodies, 

upregulation of inflammatory cytokines and chemokines, and metabolic changes16.  One of the 

traditional hallmarks of RA is the presence of rheumatoid factor (RF)42, an autoantibody directed 

at the Fc portion of IgG.  However, while the presence of RF predicts poor disease outcome, RF 

lacks specificity as it can be found in several other autoimmune conditions11,43,44.  More recently, 

anti-citrullinated protein antibodies (ACPAs)44—directed at citrullinated self-proteins—have 

been shown to be much more specific for RA.  ACPAs are present in 70% of RA patients45.  

Moreover, high titers of ACPA predict RA with greater than 95% specificity15,46,47 and are 

associated with more severe periarticular destruction in the future48,49.  

At least in the case of ACPA+ RA, it is believed a combination of genetic and 

environmental factors result in post-translational citrullination of self-proteins, many of which 

are found in the joint, including α-enolase, keratin, fibrinogen, fibronectin, collagen, and 

vimentin11.  Citrullinated proteins are not normally immunogenic as citrullination occurs 

normally in response to stress signals and no autoantibodies develop in these instances11.  Thus, 

it is hypothesized that the immune system of individuals that will develop RA have a high-risk 

genetic background—often consisting of specific HLA-DR alleles and SNPs in various immune-

related genes—causing their immune system to recognize these post-translationally modified 

proteins as foreign neoepitopes, which subsequently results in an ACPA response11. 
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RF-positive or ACPA-positive RA has long been associated with the HLA-DRB1 locus.  

HLA-DRB1 is one of several loci that codes for immune system proteins known as human-

leukocyte antigens (HLA).  HLA molecules are involved in the presentation of peptide fragments 

to circulating CD4+ T-cells, which monitor the body for foreign peptide or altered self-proteins 

by recognizing peptide fragments derived from these proteins presented on HLA molecules50.  

Thus, T-cell activation is MHC-restricted as T-cell receptors can only detect foreign material or 

altered self in the context of pathogen-derived peptides that fit into the peptide-binding groove 

on HLA.  Individuals with a HLA-DRB1 allele containing a specific 5 amino acid motif 

(QKRAA), known as the shared epitope (SE), are particularly susceptible to RA50.   Over 90% of 

RA patients contain one of the following SE-containing alleles:  DRB*0401, DRB*0404, 

DRB*0101, and DRB*140252.  Particular amino acid (aa) residues at three different positions 

within HRDRB1, including positions 70 and 71 within the shared epitope and position 11 outside 

the SE, were recently shown to be highly associated with RA.  Importantly, even though the 

majority of the SE faces away from the peptide binding groove52, all three of these specific aa 

positions are located within the peptide-binding groove of the HLA-DR structure, suggesting 

altered peptide presentation to T-cells may be compromised in RA, either early on in T-cell 

development in the thymus or when mature T-cells are interacting with peptide presented in the 

context of HLA in the periphery53.  The SE sequence appears to be predispose individuals for 

autoreactivity with citrullinated epitopes as even PBMCs from SE-positive healthy controls 

generate an impressive response to citrullinated proteins in vitro, as determined by measuring 

secretion of IL-6, TNFα, and IL-1754.  However, PBMCs from RA SE-positive individuals from 

the same study are capable of eliciting a more diversified cytokine response than SE-positive 

healthy controls ; in addition to the three aforementioned cytokines, RA PBMCs exposed to 
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citrullinated peptides are exclusively capable of secreting interferon gamma and IL-1054,55.  

Although HLA-DRB1 remains the most robust genetic link to RA, other single nucleotide 

polymorphisms (SNPs) in alleles associated with immune regulatory function such as T-cell 

activation (PTPN22, AFF3, CD28, CD40, CTLA4, IL2RA, IL2, IL-21, PRKCQ, STAT4, 

TAGAP)56 and NF-κB signaling (peptidyl arginine deiminase, type IV or PADI4, REL, 

TNFRSF14)11,57 have also been identified. 

 The aforementioned predisposing genetic factors can synergize with environmental 

triggers to increase the risk of developing RA and ACPA.  Smoking and HLA-DRB1 shared-

epitope alleles synergistically increase the risk of developing ACPA-positive RA58, which is 

associated with more severe, destructive pathology48,49 In addition to smoking, RA has also been 

linked to changes in the gut microbiome59, smoking60, and periodontal disease61.  Interestingly, 

many of these identified environmental risk factors may directly promote the formation of 

autoantigens through the promotion of citrullination of self-proteins at mucosal surfaces.  For 

example, Porphyromonas gingivalis—a bacterium responsible for some forms of periodontal 

disease—expresses PADI4 which, in one study, was capable of citrullinating human fibrinogen 

and α-enolase, both proteins that can be post-translationally modified with a citrulline residue in 

RA62.  Similarly, smoking may directly promote the citrullination of self proteins based on 

studies utilizing murine models.  Transgenic mice carrying RA-susceptibility HLA gene AEo 

DQA1*0301/DQB1*0302, but not endogenous MHC class II molecules, developed more severe 

collagen induced arthritis, displayed increased expression of pro-inflammatory cytokines in the 

lungs and exhibited increased PAD mRNA expression in the lung after exposure to cigarette 

smoke63. 
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Arthritis 

For as of yet unidentified reasons, a combination of genetics, environmental factors, 

developed preclinical autoimmunity, and alterations in tissue homeostasis leads to aggressive, 

bilateral polyarthritis (affecting multiple pairs of corresponding joints on both sides of the body).  

Arthritis is characterized by hyperplastic synovium, a normally supportive connective tissue 

lining within diarthroses.  Synovial hyperplasia in inflammatory arthritides such as RA occurs as 

a result of stromal cell proliferation, neoangiogenesis64, inflammatory cell infiltration65, tissue 

hypoxia despite increased vascularization66, immune-complex mediated complement activation, 

and cytokine and antibody secretion67.   These synovial alterations and increased blood supply 

permit the “transformation” of synovial tissue—which normally serves an ancillary, homeostatic 

role secreting lubricative proteins and nutrients into the synovial-fluid-filled joint space to 

sustain the metabolic and functional requirements of avascular cartilage—into motile pannus 

tissue68.  Pannus is “transformed” synovial tissue that has acquired unique hyperplastic, anti-

apoptotic, and invasive competencies allowing it to migrate towards and attach to cartilage and 

bone where it mediates destruction of both structures68.  This destruction of articulating surfaces 

transpires rapidly, typically within the first year of clinical onset of RA in the majority of 

patients12,13,14.  While current evidence accumulated thus far certainly implicates a role for 

adaptive immunity in RA pathology, pannus tissue is largely devoid of lymphocytes69.  Further, 

resident synovial fibroblasts—also known as fibroblast-like synoviocytes or FLS—from 

rheumatoid arthritis patients are characterized by an autonomous, aggressive phenotype that is 

maintained for months after removal from the patient70.  For example, RA synovial fibroblasts, 

and not OA synovial fibroblast or dermal controls, can invade cartilage explants in an in vivo 

SCID mouse model where cultured fibroblasts (containing almost no lymphocytes) are co-
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implanted with human cartilage under the mouse renal capsule71.  These findings have led to the 

hypothesis that resident stromal cells are permanently changed or “imprinted”, either by somatic 

mutation or by epigenetic modification, which could trigger or aggravate RA72,73 (see FLS 

section in Introduction).  

 

 

 
 
 
 

Non-diseased RA

Joint Capsule

Synovial Membrane

Pannus

Illustration 1: Diarthroses in Health and Disease. Two bones covered by a layer of friction-reducing 
articular cartilage come together to form the joint, which is stabilized by a fibrous joint capsule consisting of 
an outer fibrous layer and in inner synovial membrane, responsible for lubricating and providing nutrients to 
avascular cartilage.  In the joint of a rheumatoid arthritis (RA) patient, relatively quiescent synovial tissue 
becomes aggressive, migratory pannus tissue that invades and destroys periarticular bone and cartilage. 
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Systemic Comorbidities  

 In addition to mediating local destruction of joint tissue, soluble factors (i.e. 

inflammatory cytokines) released by the toxic rheumatoid joint promote the development of 

other systemic complications17.  For example, joint production of IL-6 can stimulate the acute 

phase response (APR) in the liver.  Further, chronic stimulation of the liver with IL-6 can result 

in anemia as part of the APR is to increase liver synthesis and secretion of hepcidin, a critical 

regulator of iron entry into the circulation.  Other systemic complications include cardiovascular 

illness (myocardial infarction, heart failure, vasculitis)74-77, “inflammatory” metabolic syndrome 

resulting from cytokine-induced insulin resistance in adipocytes and myocytes, adverse effects 

on the brain (fatigue, depression, cognitive decline), fibrosis of the lungs, degenerative loss of 

skeletal muscle mass (sarcopenia), weakened bones (osteoporosis), secondary Sjögren’s 

syndrome affecting moisture-producing glands, and lymphoma11.  TNF likely contributes to 

vascular disease and defects in neurological function that probably contribute to RA-related 

depression78.  In this way, local synovitis can contribute to systemic disease and increased 

mortality11,19.      

    

Osteoarthritis 

Broadly speaking, OA is a mechanical disease primarily seen in the weight-bearing 

joints79, such as the knee, hip, spine and load-carrying joints in the hand (distal interphalangeal 

(DIP) joints)80.  OA is by far the most common form of arthritis, affecting 10-15% of adults over 

age 60 worldwide8 along a spectrum of severity, with many individuals opting not to seek 

medical assistance at all.  Risk factors include old age, female sex, certain genes, obesity, joint 

malalignment, and previous injury79,81,82. 
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Traditionally, OA is viewed as a mechanically-induced, “non-inflammatory” joint 

disease, a degenerative affliction arising from the cumulative wear and tear of articular cartilage 

caused by everyday locomotion79.  Disease induction in OA is associated with insular activities 

or traumas specifically affecting the joint as opposed to RA, a systemic autoimmune condition 

detectable in the blood25 that can affect multiple organs9.  In many cases, most specifically in 

younger adults ages 35 to 44, disease onset is associated with a single dramatic trauma or oft-

replicated microtraumas disrupting articular cartilage83,84. 

More recently, the multifactorial pathology of OA has been appreciated79.  This “whole 

joint” approach to OA espouses a multifaceted disease etiology in which an initial assault to 

articular cartilage results in an alteration of joint shape, which in turn can lead to the appearance 

of outgrowths known as osteophytes formed from ossified cartilage (although not always and to 

varying degrees), replacement of defective cartilage with sclerotic connective tissue79, decreased 

blood flow to subchondral bone85, subchondral bone attrition, bone marrow lesion formation86 

and in a significant population of cases deemed “inflammatory OA” (Scheme 1), concomitant 

synovitis and inflammation87.  This complex interplay of local variables results in pain and 

decreased stability, decreased range of motion, and decreased maximum weight or force the joint 

can accommodate88 ,89. 

Chondrocytes, the cells that make up cartilage, are the primary mediators of disease in 

OA, capable of destroying the very matrix they secrete90,91.  Interactions between chondrocytes 

(cartilage cell) and the surrounding matrix after biomechanical stimulation have been implicated 

repeatedly in disease initiation92-97.  In response to mechanical signals, chondrocytes are capable 

of producing inflammatory cytokines (interleukins, TNFα, IL-1β)98, inflammatory chemokines 

(monocyte chemoattractant protein 1), reactive oxygen species (nitrous oxide synthase forms 
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nitrous oxide), and pro-inflammatory and chondrolytic cytokines such as leukemia inhibitory 

factor99,100.  These ambassadors of inflammation released in response to tissue injury can lead to 

the destruction of the collagenous network by increasing chondrocyte expression of enzymes that 

degrade major components of cartilage (metalloproteinases and aggrecanases)90,91,101, 

encouraging chondrocyte apoptosis, and impeding the formation of new matrix102-104.  During 

normal remodeling, intensified metabolic activity exhibited by an activated chondrocyte in 

response to mechanical stimuli could be rationalized as a reparative mechanism to eliminate 

damaged matrix to make room for new cartilage.  However, in the diseased osteoarthritic joint, a 

hyperstimulated, hyperactivated chondrocyte serves as an unconventional mediator of 

inflammation, taking on my roles typically associated with macrophages of the innate immune 

system105,106.  Inflammatory mediators released by chondrocytes may then initiate a synovial 

inflammatory cascade that increases production of the same cytokines and MMPs in an auto-

magnifying loop98. 

 

Synovium in Health and Disease 

Normal Synovium 

 

Neither an epithelium nor an endothelium with ligative tight junctions and desmosomes 

that create a protective and functional barrier, synovium is a soft lining tissue that is relatively 

acellular but is defined by two types of resident synoviocytes, Type B synoviocytes (synovial 

fibroblasts) and Type A (macrophage-like) synoviocytes suspended in an extracellular matrix 

meshwork composed of collagen and various matrix proteins3,107.  Synoviocytes help maintain 
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homeostatic balance within the joint by altering the amount and content of synovial fluid, which 

fills the intra-articular cavity and permits the diffusion of lubricative proteins, nutrients, and 

signals to avascular cartilage4,108.  Other cell populations, including CD4+ and CD8+ T cells and 

B cells, can be detected in synovial biopsies from normal knees, but their numbers are typically 

very low109.  

Synovium can be divided structurally and effectively into an external cellular layer 

(intima) composed of Type A and Type B synoviocytes in direct communication with the 

synovial fluid filling the intra-articular space and a supportive subintima accommodating mainly 

blood and lymphatic vessels as well as a sparser distribution of Type A and B 

synoviocytes110(Illustration 2).  In heath, the lumen-facing intima is one to three cells in depth, 

with Type B cells typically being the dominant cell type3.  The synovial lining lacks a basement 

membrane delineating it from underlying connective tissue.  This loose structural connectivity of 

synovium, lacking the mechanical barrier provided by the basement membrane, may allow for 

pathologic entry and accretion of immune complexes, bacterial components, and other promoters 

of inflammation111 into the joint cavity.  This property of synovial design could contribute to the 

particular susceptibility of synovial joints to inflammation-induced destruction and deformation 

in systemic autoimmune diseases such as rheumatoid arthritis. 
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Type A Synoviocytes 

Type A macrophages arise by hematopoiesis in the bone marrow112,113 and migrate to 

synovial tissue in response to chemotactic and cytokine signals where they become long-term 

inhabitants of the joint114-116.  Differential expression patterns have been noted between intimal 

and subintimal macrophages with potentially interesting implications117(Illustration 2).  

Superficial intimal macrophages strongly express CD68117, CD163, CD16 (FcγRIII)118 and 

demonstrate bold non-specific esterase (NSE) activity—a phenotype associated with 

mononuclear phagocytes3.  In contrast, there can be stretches of subintimal territory that contain 

Synovial Fluid

Subintima

or

Sublining Intimal Lining

or

Synovial Lining

Illustration 2: Histological Features of Synovium. The synovium is organized into a lining-sublining 
(intimal-subintimal) structure consisting of an intimal layer—a thin layer one to three cells thick in 
contact with the synovial fluid in the intra-articular space—and a supportive, vascularized subintimal 
layer.  Both the intima and subintima contain Type A macrophage-like cells and Type B fibroblast-like 
synoviocytes.  Due to their unique location at the interface between the subintima and the joint cavity, 
intimal synoviocytes assume a distinct phenotypes that is more specialized than their subintimal 
counterparts. 
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FcγRI+(CD64), CD14+ macrophages117 with diminutive NSE activity3 often in proximity to 

venules.  These differences in the phenotype of lining and sublining synovial macrophages can 

be reconciled as being representative of different stages of maturity within the 

monocyte/macrophage developmental trajectory.  CD68-positive macrophages of the intima are 

believed to be more terminally differentiated than their CD14-positive subintimal counterparts 

which are most likely freshly recruited from peripheral blood and potentially capable of further 

specialization119-121. 

 

Type B Synoviocytes 

Type B cells, or fibroblast-like synoviocytes (FLS), are of mesenchymal origin.  FLS are 

morphologically similar to other fibroblast  lineages, assuming a characteristic spindle-shape in 

monolayer culture72.  In addition, Type B synoviocytes express several markers generalizable of 

the fibroblast lineage such as vimentin107, CD90 (Thy-1)107, and ICAM-1 (intercellular adhesion 

molecule-1)122.  Intimal lining Type B cells in contact with synovial fluid and the intra-articular 

space express a set of slightly more specific protein markers in addition to those aforementioned 

that can distinguish them from those in the synovial sublining or other fibroblasts in the body.  

For example, synovial fibroblasts of the inner lining have been evolutionarily tuned to assist with 

hyaluronan production123 and express much higher levels of UDPGD (uridine diphosphoglucose 

dehydrogenase), an enzyme needed for the ultimate successful assembly of the hyaluronan 

polymer124, than sublining synovial fibroblasts.  VCAM-1 (vascular adhesion molecule-1 or 

CD106)125 and decay accelerating factor (DAF or CD55)126 are also expressed most abundantly 

in intimal FLS.  VCAM-1 binds α4β1 integrin expressed on mononuclear leukocytes which may 

facilitate the trafficking and retainment of macrophages, T-cells, and B-cells into the 
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synovium127,128.  CD55 is known to inhibit the deleterious effects of complement activation 

including the formation of the membrane attack complex—a complex of complement proteins 

that ultimately leads to cell death by forming a pore on the surface of the target cell’s plasma 

membrane—and may be secreted locally by lining synovial fibroblasts onto the collagen fiber 

meshwork to protect synovium against immune-complex-mediated arthritis129,130. 

 

Synovium in Disease 

While there is considerable variability within normal synovium in terms of cellular 

composition, cytokine expression and synovial architecture109,115,116, in general differences in 

these factors can be used to differentiate between non-diseased, non-inflammatory and 

inflammatory arthropathies.  Although synovitis is a fundamental histological occurrence in RA, 

it is not exclusive to the disease.  Synovitis can even be present in other joint afflictions such as 

osteoarthritis—traditionally associated with the mechanical wear of articular cartilage98—after 

traumatic injury, or in other autoimmune diseases such as psoriatic arthritis (Scheme #1). 

Both OA and RA are inflammatory arthritides of unknown etiology that particularly 

target synovial joints.  However, each is driven by its own array of genetic and environmental 

variables.   The prevalence, risk factors, and pathophysiology of the two conditions differ 

markedly, but there is also interesting areas of overlap, particularly in regards to synovitis and 

inflammation87.  However, while the inflammatory nature of RA—which is directed towards the 

synovial membrane in the joint—is a prominent, early feature of the disease107, inflammation in 

OA, if present at all, is typically a chronic low-grade inflammation secondary to other initiating 

agencies82.  Pain and disability are the unwanted summative outcome of both OA and RA, but 

the synovium in RA is particularly aggressive and instrumental in mediating joint destruction in 
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the disease.  RA synovial lining is uniquely capable of leaving the joint’s periphery in the form 

of a heavily vascularized, fibrous mass of granulation tissue known as pannus and migrating into 

the joint space where it attaches to and destroys articular cartilage and subchondral bone, causing 

deformity and pain5 (Illustration #1).   In contrast, in mechanically-induced OA, despite the 

potential presence of a thickened synovial lining or cytokine production that may be pannus-

reminiscent in terms of gene expression of certain markers in some patients, no local bone bone 

erosions are observed131.  Because of this, OA/RA comparative models are useful for 

differentiating between transient synovitis and the dramatic alterations that must occur to result 

in RA pannus formation. 

 

Rheumatoid Arthritis 

In RA, synovium—typically a relatively acellular supportive tissue—undergoes dramatic 

histological changes both in the intima and subintima132 that ultimately allow for the formation of 

synovium-derived pannus tissue, characterized by abnormal invasiveness and tumour-like 

autonomy.  As a result of stromal edema and neoangiogenesis, the synovial subintima is heavily 

infiltrated with plasma cells, macrophages, diffuse lymphoid infiltrates and, in some patients, 

focal T/B cell aggregates that can exhibit GC-like organization3,67,132.  Unlike classical non-

inflammatory OA, CD4+CD45RO+ T-cells, CD8+ cytotoxic T-cells, CD68+ macrophages, 

CD14+ monocytes, heavily infiltrate the RA subintima and are especially numerous in close 

proximity to blood vessels132 (Scheme #1).  Intimal lining thickness, presumably the cellular 

source of invasive pannus tissue, can increase from being 1-3 cells thick to up to 10-20 cells 

thick107.  This thickening of the synovial lining could be attributed to both apoptosis-resistant 
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Type B synoviocytes as well as an increase in CD68-positive macrophages132.  CD68+ cells are 

significantly increased in RA synovial lining, but not OA synovial lining132. 

 

T-cells 

The functional importance of T cells in RA pathology is poorly understood.  T-cell 

directed therapies—such as cyclosporine or anti-CD52 and anti-CD4 antibody strategies—have 

not been successful in clinical trials, resulting in a lack of or limited response133-135 in addition to 

being accompanied by serious, adverse side-effects136.  Targeting of specific T cell subsets as 

opposed to monolithic attenuation has also proved to be of limited efficacy as well.  Because T-

cells in RA synovium are largely of the Th1 subtype, therapeutic intervention with Th2 cytokines 

such as IL-4, IL-10 and IL-13 were experimented with in animal models in an attempt to restore 

the Th/Th2 balance137.  Despite encouraging results from animal models, administration of 

prototypic Th2 cytokines in humans was not as successful138.  Similarly, Th17 cells—a specific 

IL-17-producing T-cell subset that was originally the target of successful therapeutics in the 

inflammatory rheumatic condition psoriatic arthritis—were later implicated in RA pathology139.  

RA patients had higher levels of IL-17 in both their synovial fluid and blood140 compared to 

healthy controls.  Synovial tissue pieces cultured ex vivo were reported to spontaneously produce 

IL-17141.  Further, RA synovial fluid was able to stimulate osteoclast formation in mouse 

hematopoietic cell: osteoblast co-cultures, but osteoclastogenesis could be inhibited if exogenous 

IL-17 inhibitor was added, suggesting a role for IL-17 in bone destruction in RA142.  Further, 

exogenous IL-17 was shown to increase inflammatory cytokine and matrix-degrading enzyme 

(matrix metalloproteinases or MMP) production in cultured synovial fibroblasts143.  Despite 

these incriminating findings and the success of IL-17 inhibition in animal models144,145, anti-IL-
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17 monoclonal antibodies (secukinumab) are likely to be of limited value based on phase 2 

clinical trials146. 

Although the centrality of T-cells in RA pathogenesis is being called into question—due 

to both the limited efficacy of T-cell depletion and the success of biologic therapies directed at 

cytokines produced largely by cells of the innate immune system52—T-cells clearly behave 

aberrantly in RA and have have long been implicated as important players in RA147.  One of the 

most salient histological features of the disease is the massive infiltration of T cells into the 

rheumatoid synovium133 (Figure 2).  

In addition to the strong genetic link of HLADRBB1 to RA133, several other lines of 

evidence support a pathogenic role of T cell activation in ACPA+ RA.  Oligoclonal T cell 

repertoires148 and ectopic lymphoid structures (in 25% of RA patients as well other chronic 

inflammatory arthritidies)149 characterized by follicular dendritic cell networks and T-B cell 

aggregates can be found in RA synovium.  These structures are capable of supporting germinal 

center (GC) like reactions wherein synovial B-cells, expressing the critical enzyme activation-

induced cytidine deaminase (AID), can undergo somatic hypermutation and clonal selection to 

produce “affinity-matured” antibodies with greater affinity for their target antigen (i.e. 

citrullinated proteins)67.  In true GC reactions in lymphoid follicles, the production of affinity 

matured B-cells is known to require help from antigen-stimulated helper T cells in the form of 

membrane bound factors (CD40L) and the production of cytokines (IL-21)150.  Finally, indirectly 

targeting T-cells by blocking T-cell costimulation (the interaction of CD28 on activated T-cells 

with CD80 and CD86 on APCs) with abatacept, a soluble fusion protein of CTLA-4 (competitive 

inhibitor of CD28) and IgG, has been clinically successful151. 
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B-cells 

B-cells are suspected to be diverse contributors to deleterious RA autoimmunity152.  Although 

typically not present in non-diseased synovial tissue, B-cells comprise about 5% of cells in the 

RA synovial membrane52 (Figure 2).  B cell involvement in RA is directly indicated by the 

presence of autoantibodies such as the classical rheumatoid factor (an antibody directed against 

the Fc portion IgG)153 and antibodies directed against citrullinated proteins154, including 

antibodies specific to joint proteins such as type II collagen155,156, which is the major component 

of articular cartilage.  High titers of anti-citrullinated protein antibodies (ACPAs) are predictive 

of more severe disease and joint destruction48,49 and serological detection of both RF and ACPA 

are part of the ACR’s diagnostic criteria21.  However, of note, therapeutic endeavors to deplete 

immune complexes or unbound antibodies have been ineffective157.  This may indicate an 

immunopathogenic role for B cells beyond antibody production as B-cell depletion strategies are 

successfully used to treat a subset of RA patients ; patients with acute, active disease that fail to 

respond to other medications, including TNF inhibitors, are prescribed Rituximab, a monoclonal 

antibody targeting CD20+ B cells158.  B-cells might act as antigen-presenting cells capable of 

activating autoreactive T-cells52.  

 

FLS 

FLS (or Type B synoviocytes) and Type A synoviocytes are one of the major cellular 

components of lining-derived, invasive pannus tissue69.  FLS, as resident cells, provide a 

supportive cellular network for immunological activity within the inflamed RA synovial 

membrane, including GC-like reactions within subintimal ectopic lymphoid aggregates107,159.  

FLS may even directly support immune activation by presenting antigen to infiltrating T-cells160.  
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Pannus formation requires that FLS be “transformed” or “imprinted” in order to operate 

in an anchorage-independent state, overcome the constraints of contact inhibition, and adopt an 

aggressive, pro-destruction expression profile characterized by increased output of disease-

relevant cytokines and chemokines, adhesion molecules, and matrix metalloproteinases 

(MMPs)161.  In 1983, Fassbender and colleagues first described a unique, aggressive phenotype 

of RA FLS, including the presence of a large pale nucleus with prominent nucleoli and a large 

cytoplasmic volume70.  A SCID mouse model of human pannus, in which human cartilage and 

cultured human FLS suspended in a gel sponge (devoid of human monocytes, lymphocytes, or 

matrix stimuli) are engrafted under the mouse renal capsule, support this notion that FLS are not 

merely responding passively to the RA cytokine milieu, but have become fundamentally altered, 

potentially at the genetic or epigenetic level71.  After 60 days, retrieved implanted cartilage from 

mice co-implanted with control OA FLS or control dermal Hs68 fibroblasts exhibited only small, 

superficial erosions or were undisturbed, respectively.  In stark contrast, co-implantation with 

RA FLS resulted in invasive, destructive growth of the RA synovial fibroblasts into the cartilage.  

Further, immunohistochemistry revealed that RA FLS expressed abundant proteases, including 

Cathepsin D, L, and B, with the latter two highly expressed at the diffuse, cartilage-fibroblast 

margin.  V-CAM1, which is normally expressed on synovial lining cells, was only detected on 

synovial fibroblasts in proximity to cartilage that had been invaded, suggesting VCAM-1 plays a 

role in adhering diseased FLS to articular cartilage at sites of pannus-reminiscent invasion71.  

Thus, FLS represent a distinct, T-cell independent mechanism in RA pathology.  There are 

currently no approved therapeutics specifically targeting FLS (although some of the products 

they secrete are clinical targets), but therapies that function by removing or decreasing the 

activity of mesenchymal cells is a promising clinical strategy as it would not be associated with 
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the deleterious side effects associated with a compromised immune system function like those 

targeting lymphocytes or cells of the innate immune system16. 

The precise molecular mechanisms of how FLS sustain synovial hyperplasia is poorly 

understood, but chronic cytokine stimulation, abnormal signaling, somatic mutations, or changes 

in the epigenetic landscape might conspire to bring about this tumour-like phenotype in this 

stromal cell population typically playing a homeostatic, supportive role in the joint.  Low mitotic 

figures in cell proliferation assays performed on RA synovium suggest an increase in cell 

division is not a significant contributor125,162 or is at least difficult to demonstrate, although some 

type of imbalance between cell proliferative, survival and apoptotic signals is required107.  Of 

note within this area of investigation was the discovery of functional, dominant-negative 

mutations in the tumor-suppressor gene p53163-167—found in many tumours—concentrated in the 

synovial lining168, which could offer partial explanation for why there is decreased apoptosis in 

RA lining cells despite the highly genotoxic rheumatoid environment169.  This theory is 

supported in the previously mentioned SCID mouse model170.  Cultured RA FLS transduced with 

a HPV-18 virus encoding the p53-inactivating E6 gene and human cartilage co-implanted under 

the mouse renal capsule have more synovial fibroblast invasion into the cartilage implant than if 

unmodified RA FLS without the transgene were used.  Further, non-diseased synovial 

fibroblasts, which normally are not capable of invading cartilage in the model, demonstrate RA-

reminiscent invasive activity after virus-mediated E6 gene transfer170.  In addition to the altered 

molecular function of p53, the generation of apoptosis-resistant FLS could be influenced by 

other pathways, including enhanced expression of heat shock protein 70 and heat shock factor 

1171, changes in endoplasmic reticulum function modulated by the E3 ubiquitin ligase 

synoviolin172, and activation of the NF-κB pathway by cytokines173.  MicroRNAs (miRNAs)—a 
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class of evolutionarily conserved noncoding RNAs that function as post-transcriptional 

repressors of gene expression—have been shown to regulate numerous biological functions 

(metabolism, hematopoiesis, proliferation, apoptosis, T cell receptor properties and development, 

etc.) and may play a role in the “imprinting” of RA synovial fibroblasts.  For instance, miR-155 

and miR-146a are expressed in higher amounts in both RA synovium and RA FLS compared to 

OA synovium and OA FLS174,175.  In addition to miRNAs, epigenetic mechanisms such as 

methylation of fibroblast DNA176 and modifications of histones177 are currently being explored 

as potential contributors to the permanent activation and aggressiveness of synovial 

fibroblasts178.  A genome-wide evaluation of DNA methylation loci found that RA, control OA 

FLS, and non-diseased FLS could be segregated based on differentially methylated loci 

(DML)176.  Importantly, pathway analysis revealed that hypomethylation was increased in 

multiple pathways related to cell migration, cell adhesion, transendothelial migration and 

extracellular matrix interactions176.  Interestingly, the epigenetic signature of FLS may evolve 

throughout RA, ultimately culminating in the enduring, tumour-like FLS phenotype 

characteristic of chronic pathology, as ACPA+ RA patients with early disease had FLS whose 

DNA was less hypomethylated than those with longstanding disease179 

 

Monocyte/Macrophage 

CD68-positive macrophages are significantly increased in RA synovial lining, but not 

OA synovial lining132.  Similarly, in a longitudinal study where serial synovial biopsies were 

taken from 28 RA patients over the course of almost 6 years, one of the main histological 

features that correlated with articular destruction was sublining CD14+ cell, but not lymphocyte, 

numbers117.  Further, macrophages, along with osteoclasts and FLS, are the predominant cell 
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types in inflammatory, erosive pannus tissue69.  Specific biologics used in the treatment of RA 

target cytokines of the innate immune system that are produced in large part by activated 

macrophages in the rheumatoid joint, such as Tocilizumab (IL-6 inhibitor) and etanercept, 

infliximab, or adalimumab (TNFα inhibitors)23.  In addition, decreases in synovial macrophage 

numbers are often associated with effective biologic therapies that reduce or retard disease180.  

For example, the anti-TNF-α agent infliximab, significantly reduce sublining CD68+ 

macrophage numbers in RA patients previously naive to the treatment compared to control 

groups receiving constant DMARD therapy that receive placebo treatment180.  Pro-inflammatory 

M1 macrophages predominate in the rheumatoid synovium and can contribute to perpetuation of 

synovitis and tissue destruction by secreting inflammatory cytokines (TNFα, IL-6, IL-1), 

vasoactive pepides, reactive oxygen species (ROS) and nitrogen intermediates, prostaglandins, 

and MMPs as well as through cognate interaction with memory T-cells11. 

 

Osteoclasts 

Another important cell type derived from the monocyte is the multinucleated osteoclast. 

 

Osteoclast Role in Normal Bone Turnover 

The osseous skeleton allows for human locomotion, functions as a calcium repository and 

is also the site where new blood cells are born by the continuous process of hematopoiesis.  Bone 

is made up of both mineral and non-mineralized components, including highly ordered arrays of 

calcium phosphate (hydroxyapatite) and type I collagen, respectively181.  In terms of 

composition, human bone is tipped in favor of its mineralized component (roughly 60%)181.  

Although bone appears inanimate and metabolically inactive, about 10% of total bone content is 
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removed and then restored in adult vertebrates182.  Under normal physiological circumstances, 

bone can undergo two different types of processes: remodeling or modeling.  The former is a 

replacement process where bone is resorbed and then subsequently reformed183,184.  In contrast, 

modeling occurs when new bone is constructed without prior concomitant resorption resulting in 

an alteration of bone structure (i.e. size and shape) such as occurs during growth181.  The 

processes of bone growth and remodeling are mediated by two cell types that form a functional 

“bone unit”: bone-resorbing osteoclasts and osteoblasts, which manufacture new bone185. 

Osteoclasts are large multinucleated polykaryons with the exclusive capacity to resorb 

bone that form by the fusion of monocytic osteoclast precursors (up to 20) derived from 

hematopoietic stem cells of the bone marrow185,186.  Osteoclast-mediated bone resorption is a 

continuous process, but can be divided conceptually into four steps187,188.  Osteoclasts are first 

recruited to the area of bone where resorption is to occur.   Subsequently, the plasma membrane 

becomes polarized such that three distinct areas of plasma membrane are formed: the sealing 

zone, the basolateral membrane, and the “ruffled border”.  The formation of a “sealing zone”, 

which appears ultrastructurally as a dense F-actin ring (as in Figure 6), ensures the resorption 

lacunae is sequestered and not in contact with bone not targeted for degradation189.  The ruffled 

border is the metabolically active portion of the plasma membrane, characterized by many 

cytoplasmic processes in close proximity to underlying bone190.  In order to successfully resorb 

bone—a mineralized organic matrix composed largely of Type 1 collagen and hydroxyapatite 

crystals—osteoclasts must act as both “mineraloclasts” and “collagenoclasts”191
.  To resorb the 

calcified portion of bone, the ruffled border possesses many ATP-dependent proton pumps and 

chloride ion-proton anti-porters (ClC-7) that enable acidification of the resorptive space, or 

lacunae, and solubilization of the inorganic portion of bone192-194
.  Secretion of several enzymes 
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capable of breaking up matrix—such as matrix metalloproteinase 9 (MMP9), cathepsin K, and 

tartrate resistant acid phosphatase (TRAP)(also see Figure 6)195-200—by the ruffled border help 

the osteoclast cleave non-mineralized substrates associated with bone.  Finally, components of 

the resorbed bony matrix are trancytosed to the “functional secretory domain” on the basolateral 

portion of the osteoclast membrane and released into the marrow space186,201,202. 

 

Osteoclasts at the Pannus-Bone Interface in RA 

One unique clinical feature of RA, not seen in OA, is the presence of periarticular bone 

erosions.  Joint destruction is one of the most debilitating features of RA and transpires rapidly, 

typically within a year of clinical diagnosis12.  The only cell type known to be capable of 

resorbing bone is the giant, multinucleated osteoclast185.  In 1984, Bromley and Woolley first 

reported the presence of multi-nucleated giant cells—that stained positive for the prototypical 

osteoclast marker TRAP and also possessed ATPase activity, which the authors associated with 

the vacuolar ATPase used by osteoclasts to acidify the space beneath the sealing zone to dissolve 

bone—at the interface where invasive, synovium-derived pannus tissue comes into contact with 

calcified cartilage or bone203.  These large polykaryons found at the pannus-bone junction were 

later shown to be like true osteoclasts, as evidenced by their expression of late osteoclast 

differentiation marker, the calcitonin R (CTR)204. 

Osteoclast formation is known to require dual stimulation by monocyte-colony 

stimulating factor (M-CSF) and receptor activator of kappa beta ligand (RANKL), typically 

expressed by bone marrow stromal cells in normal physiological situations205.  This interaction 

can be further regulated by stromal cell secretion of OPG, a soluble decoy receptor for RANKL 

that inhibits osteoclastic resorption205.  The RANK/RANKL/OPG regulatory axis might be tilted 



 
   

28

in favor of osteoclastogenesis in RA.  Denosumab, an antibody directed at RANKL used with 

clinical success in postmenopausal osteoporosis, has shown promise in a phase two clinical study 

for use in RA to prevent structural damage206. Immunohistochemistry of synovium from 

clinically and arthroscopically normal knee joints showed abundant expression of OPG, but very 

little RANKL116,207.  However, expression of RANKL (also called osteoclast differentiation 

factor or ODF) was detected by RT-PCR in synovium from patients with RA207, probably as a 

result of expression by T-cells and FLS208.209.  Further, TNFα, IL-1, and IL-6 are all upregulated 

in RA synovial tissue may be capable of promoting osteoclast differentiation, possibly by 

increasing RANKL expression or by a RANKL-independent mechanism210.  The fact that 

specific targeting of TNFα and IL-6 with biologic agents decelerates erosive disease provides 

clinical support for the notion that a chronic pro-inflammatory cytokine milieu contributes to 

osteoclastogenesis in RA211.  Further, monocyte/macrophage infiltration is greatly increased in 

RA synovial tissue, potentially providing an abundant source of osteoclast precursors117,132.  

Interestingly, it has been postulated that osteoclasts, which require citrullinating enzymes and 

display citrullinated proteins on their surface for their normal biology, may offer a partial 

explanation for the manifestation of joint-specific disease in what begins as a systemic loss of 

immunological tolerance in ACPA+ RA212. 

 

Osteoarthritis 

Although chondrocyte-mediated destruction is the primary route leading to disintegration of 

articular cartilage in OA, there is a secondary mechanism exacerbating cartilage destruction 

involving synovium, including both resident FLS and infiltrating mononuclear cells98.  This 

collateral pathway might occur as the synovial membrane becomes irritated by cartilage 
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degradation products or becomes activated by inflammatory cytokine released by 

chondrocytes98.  Although OA is traditionally viewed as a noninflammatory arthropathy, there is 

really a spectrum of OA phenotypes ranging from classical, non-inflammatory OA with almost 

no detectable inflammation to severe inflammatory OA characterized by marked, RA-

reminiscent synovitis82,213-215 (Scheme 1).  Benito and colleagues compared synovial samples 

from patients with early OA to patients with severe OA requiring knee joint arthroplasty216.  The 

study found that synovium derived from early OA patients—as opposed to patients whose OA 

had so far progressed that they sought joint replacement surgery—exhibited increased blood 

vessel formation as determined by vascular endothelial growth factor expression, significantly 

higher numbers of CD4-positive T-cells and CD68-positive macrophage infiltrates, increased 

expression of intercellular adhesion molecule 1 (ICAM-1) on synoviocytes107, increased 

production of proinflammatory cytokines TNFα and IL-1β104,217, and increased expression of 

NF-kappaβ, a transcription factor also associated with RA responsible for transducing cytokine-

induced signals to the nucleus to to promote the production of more cytokines, chemokines, and 

adhesion molecules involved in inflammation216.  In summary, this secondary process of OA 

articular cartilage destruction is characterized by an auto-amplifying loop whereby initial 

chondrocyte-mediated cartilage damage results in synovial irritation and subsequent synovitis, 

characterized by infiltration of immune cells into synovium218,219 that also produce inflammatory 

cytokines and thus further augment matrix-degrading enzyme production. 
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Non-Diseased Diseased

Synovium

Arthritidies

Classical OA Inflammatory OA RA

Inflammatory
Inflammatory osteoarthritis

Traumatic joint injury

Non-inflammatory
Classical Osteoarthritis

Inflammatory & 

erosive
Rheumatoid arthritis

psoriatic arthritis

gout

• Two resident cell types:
• Type A (macrophage-like)
• Type B (fibroblast-like)

• Lining/sublining architecture

• Resident cells + inflammatory infiltrates (B 
cells, T cells, monocytes)

• Thickened synovial lining
• Pannus formation
• Periarticular bone erosions

Normal

Scheme #1: Spectrum of Synovial Histology. Non-diseased synovium contains few blood vessels and 
consists of a lining layer 1-3 cells thick with a sparser distribution of the same resident cells in the 
sublining.  Inflammation of synovial tissue is characterized by hypervascularization and a dense inflammatory 
infiltrate.  Synovitis can occur in response to diverse stimuli including traumatic injury, autoimmune disease 
[psoriatic arthritis, rheumatoid arthritis (RA)], or inflammation-inducing deposition of uric acid crystals 
(gouty arthritis).  Osteoarthritis, traditionally viewed as a non-inflammatory arthopathy, is actually composed 
of a spectrum of OA phenotypes ranging from classical, non-inflammatory OA with little or no detectable 
inflammation to severe, inflammatory OA characterized by marked, RA-reminiscent neoangiogenesis and 
mononuclear cell infiltration. 
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Results 

Addressing Unmet Need In Vitro Modeling 

 Current synovial tissue culture methods have proved valuable in modeling certain aspects 

of synovium in vitro, but their translational ability is limited both by the cell acquisition process 

and how isolated cells are cultured.  Studying Type A cells or interactions between the two 

resident cells in co-culture is a procedural impossibility ; Type A synoviocytes are terminally 

differentiated cells that are not obtainable in sufficiently large numbers for culture220.  Thus, the 

current synovial tissue culture standard is to plate Type B synoviocytes in monolayer culture and 

subject them to various stimuli in order to identify novel targets or mechanisms or validate 

potential therapies221,222(Scheme 2).  FLS culture purity is typically established by culturing dis-

aggregated synovial tissue over several passages under conditions that favor FLS and cause other 

cell types to die220.  Critics of this approach retain the same fundamental concerns of 

physiological relevancy that surround all single layer, exponential growth systems executed on 

artificial plastic surfaces223: dedifferentiation of cells into pluripotent states, unintentional 

selection for more robust variants that can best adapt to the anomalous in vitro environment and, 

by not addressing typical Type B cell interactions with surrounding extracellular matrix and 

fellow resident Type A cells, the potential to deviate so far from biological reality that the system 

does not accurately model the target tissue.   

Thus, the purpose of this investigation was to improve in vitro models of synovium for 

the purpose of identifying novel therapeutic targets or biomarkers.  To accomplish this, 

modifications were made to existing tissue maceration and cell isolation methodology as well as 

the model systems used to study these cells so that the cells themselves and the in vitro 
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environment they are perturbed in better reflect in situ behavior.  Specifically, because there are 

two resident cell types in normal synovium, model Type A cells were generated from blood 

monocytes for co-culture with synovial fibroblasts.  In addition, in recognition of the fact that 

cells typically interact with one another and surrounding matrix components in a 3D 

environment in situ, Type B synoviocytes were plated in micromass culture using Matrigel 

(Scheme 2). 
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Optimizing Synovial Digest Procedure 

To purify and study synoviocytes for use in culture, they must be disaggregated from 

synovium.  Dissociating synoviocytes and infiltrating mononuclear cells from the surrounding 

connective tissue is typically achieved by harsh enzymatic and/or mechanical disaggregation 

strategies220 that can be selective for more robust cell types or affect functionality.  Enzymatic 

digestion is traditionally performed using Type 1 collagenase, a crude and variable fermentation 

by-product of Clostridium histolyticum that is often contaminated with LPS, known to be a 

potent stimulant.  Thus, our goal was to dissociate synovium using defined, milder conditions in 

the absence of serum and LPS in order to obtain a healthy, viable, and representative cell 

population for downstream applications.  This involved modification of time, temperature, 

enzyme concentration, and physical manipulation variables (Figure 1). 

Synovium (Figure 1a) must first be dissected from underlying connective tissue (Figure 

1b) and minced into millimeter-sized fragments using surgical scissors.  Mincing is critical in 

order to increase the surface area exposed to enzyme-containing digestion media in subsequent 

steps.  A serum-free enzymatic cocktail Liberase TL—containing highly purified clostridial 

collagenase isoforms with high specific activity—was identified as a more reliable replacement 

to unpurified, naturally-occurring collagenase extract based on comparative tissue dissociation 

results from other studies224,225.  Cell yield and viability was optimal when synovial specimens 

were incubated with 100ug/mL Liberase TL at 37℃ for 25-35 minutes (~5*10^6 cells/g tissue) 

with three intermittent disaggregation steps using Miltenyi’s automated GentleMACS tissue 

dissociator compared to digestion media containing 50ug/mL (~4*10^6 cells/g tissue) or 

25ug/mL (~2*10^6 cells/g tissue)(Figure 1c).  Differences between conditions were not 

statistically significant, but this is most likely the result of sizeable interpatient variability and 
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sample quality upon arrival.  Additionally, differences in tissue fluid-weight make it difficult to 

standardized weight measurements. 

By coupling the use of Liberase TL with automated mechanical tissue maceration the live cell 

yield (5.5*10^6±3.4) was approximately doubled compared to enzyme alone 

(2.2*10^6±1.5)(Figure 1c).  Once again, differences between conditions were not statistically 

significant, but this is again most likely due to sample heterogeneity and the amount of fluid 

present in samples, which confound weight measurements.  Nonetheless, use of the 

GentleMACS generally resulted in increased yield and cell viability, presumably as a result of 

respective improvements in disaggregating cells from undigested ECM and maintaining even 

exposure of cells to digestion media.  As expected, the fully optimized protocol resulted in 

higher average yields for RA synovial tissue, which is hallmarked by a large inflammatory cell 

infiltrate, compared to typically non-inflammatory OA tissue, both in terms of the average 

number of cells per gram of tissue (RA: 2.4*10^6 ± 0.5 ; OA: 2*10^6± 0.6)(Figure 1d) and the 

total cells obtained per digest (RA: 9.4*10^6 ± 3.2 ; OA: 5.6*10^6 ± 2.1)(Figure 1e). 
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p=0.03
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Figure 1: Optimizing Cell Yield from Synovial Digests. Representative synovial tissue from an 
osteoarthritis (OA) patient (a) with overlying adipose tissue (b) removed.  Cell yield per gram of tissue (c) 
after liberase digestion of OA synovium using three different enzyme concentrations:  25ug/mL, 50ug/mL, 
and 100ug/mL (n=4 for each).  Cells yield increased with higher liberase concentration, but the increase 
was not statistically significant (25ug/mL: 2.3*10^6±0.6; 50ug/mL: 4.3*10^6±1 ; 100ug/mL: 
5.2*10^6±2.4.)  d) Combining Liberase TL digestion with the GentleMACS tissue dissociator resulted in 
an increase, although not a statistically significant one, in the total number of cells per gram of tissue 
obtained (5.6*10^6±3.4)(n=10) compared to enzymatic digestion with Liberase TL alone 
(2.2*10^6±1.5)(n=10). Cell yield, both in terms of cells per gram of tissue (RA: 2.4 ± 0.5 ; OA: 2 ± 0.6)(e) 

and total cell number (RA: 9.4*10^6±3.2 ; OA: 5.6*10^6±2.1)(f), obtained using the optimized synovial 
disaggregation and cell isolation protocol were higher on average for RA samples compared to OA, but 
these differences were not statistically significant.   
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In order to formally assess the viability and distribution of cell types using the optimized 

synovial disaggregation protocol, flow cytometry was performed on inflammatory synovial 

digests derived from RA (n=7) patients as well as controls with osteoarthritis (OA)(n=13), a non-

inflammatory arthritide stemming from damage to articular cartilage (Figure 2).  Four major cell 

populations known to populate diseased synovium are T-cells, B-cells, monocyte/macrophages, 

and FLS226.  Because synovial fibroblasts (FLS) are not defined by a specific marker, Cadherin 

11 was selected as a candidate FLS marker in the context of synovium as it was previously 

shown to be essential for the homotypic aggregation of FLS in in vitro micromass culture that 

allows for the formation of a pseudo-synovial lining227.  Because an adhesion molecule was 

going to be used to represent fibroblast-like synoviocytes obtained in synovial digests, it had to 

be ascertained that Cadherin 11 was not susceptible to collagenase.  To determine if Cadherin 11 

expression was preserved following collagenase treatment, cultured FLS were exposed to RPMI 

medium alone or RPMI supplemented with collagenase at a concentration (100µg/mL) and for a 

time identical to that used during the optimized synovial disaggregation/cell isolation protocol 

and subsequently stained with anti-Cadherin-11-AF488 (Figure 2a).  The marked decrease in 

fluorescence intensity in collagenase treated synoviocytes (Figure 2a) confirmed the 

susceptibility of Cadherin 11 to proteolytic digestion and it was determined the marker could not 

be reliably used.  Another marker, CD90, also known to be expressed in FLS and not susceptible 

to digestion by collagenase treatment (data not shown), identified a robust cell population 

distinct from lymphocytes and monocytes (Figure 2b-e) and thus was used as a proximate FLS 

marker for all future flow cytometric analysis.  Despite utilizing CD90 to identify resident FLS, 

it is uncertain exactly what types of cells are present in the CD90+ population.  For instance, 

endothelial cells, have been shown to express CD90 as well228.  This difficulty is largely 
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unavoidable in studies involving synovial fibroblasts ; FLS were historically defined based on 

their relative lack of other markers such as CD14 and CD68 as well as functional characteristics 

such as their inability to digest latex beads—all characteristics associated with the other resident 

synovial cell type, Type A macrophage-like synoviocytes—as opposed to positive identification 

with a lineage-specific marker229.  They were further differentiated from Type A cells based on 

their distinctive morphology and ultrastructure when viewed by electron microscopy ; FLS 

lacked digestive vacuoles, but had abundant rough ER in line with their many homeostatic, 

secretory functions230
. 

Both RA (Figure 2b-c) and OA synovial digests (Figure 2d-e) had roughly equal 

percentages of monocyte/macrophages and FLS (RA: 17.9% ± 2.6, 24.3% ± 2.6 ; OA: 23.1% ± 

2.9, 22.8% ± 1.9).  However, RA digests had higher percentages of T cells and B-cells (22.8% ± 

3.8, 1.8% ± 0.9) than OA digests (4.1% ± 1.3 ; 0.2% ± 0.13).  These results are consistent with 

histological staining of diseased synovium, which shows increased lymphocyte infiltration in 

RA231 compared to OA.  However, the synovial digest procedure also captures the heterogeneity 

present within OA.  While traditionally regarded as a non-inflammatory disorder associated with 

the gradual wearing of articular cartilage, synovitis has been noted in a substantial proportion of 

OA patients, which may serve a secondary, exacerbatory role following initial mechanically-

induced pathology98.  This patient-specific variation within OA can be seen by the fact that some 

OA samples processed had a larger proportion of lymphocytes than is typically seen in these 

specimens (Figure 2f).  These results confirm the synovial digestion protocol is gentle enough to 

isolate sensitive lymphocytes and acquire representative cell populations in similar proportions 

as would be seen in intact tissue. 
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Figure 2: Assessment of Cellularity of Synovial Digests Obtained Using Optimized Synovial 

Disaggregation and Cell Isolation Procedure. a) Cultured FLS were exposed to RPMI medium alone or RMPI 
supplemented with collagenase at a concentration (100µg/mL) and for a time identical to that used during the 
optimized synovial disaggregation/cell isolation protocol and subsequently stained with anti-Cadherin-11-
AF488.  Note the marked decrease in fluorescence intensity in collagenase-treated synoviocytes. 2b-f) The 
cellularity of RA (n=7)(b,c) and OA (n=13)(d,e) synovial digests was compared.  Digests were stained with the 
following four color panel to assess the relative percentages of four major cellular populations known to be 
present in diseased synovium: CD14-FITC (monocyte/macrophage), CD3-PE (T-cell), CD20-PE/Dazzle (B-cell) 
and CD90-AF647 (FLS). 2b and 2e show flow data from a representative RA and OA synovial digest, 
respectively.  Lymphocytes are typically present in higher percentages in rheumatoid arthritis (CD3: 22.8% ± 3.8 
; CD20: 1.8% ± 0.9) synovial digests as compared to OA digests (CD3: 4.1% ± 1.3 ; CD20: 0.2% ± 0.13).  
However, note the patient-specific heterogeneity present and the potential for a sizeable inflammatory infiltrate 
even in stereotypical “non-inflammatory” OA synovial digests.  e shows an inflammatory OA sample containing 
a larger percentage of T cells than is typical for OA (CD3: 15.2%; CD20: 0.091%).  
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Figure 2: Assessment of Cellularity of Synovial Digests Obtained Using Optimized Synovial Disaggregation 

and Cell Isolation Procedure, Continued 
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The Synovium in 2D: Defining Model Cell Types 

Type B Synoviocytes 

In vitro representations of synovial tissue typically consist of only one of the resident 

synoviocytes, Type B synoviocytes (FLS)107.  FLS display a characteristic spindle-shaped, 

fibroblast-like morphology and spontaneously express cytokines, tissue remodeling enzymes 

(matrix metalloproteinases or MMPs), and modulators of bone resorption in monolayer culture107 

with basal culture media as determined by qPCR, which was confirmed here (Figure 3a). 

The transcriptional profile of rheumatoid arthritis synovial fibroblasts (RA FLS) obtained 

after total knee arthroscopy was compared to that of control Hs68 fibroblasts, an immortalized 

dermal cell line derived from neonatal foreskin, with complete DMEM to ensure expression at 

the mRNA level aligned with past in vivo and in vitro data.  An array of six transcriptional 

markers was selected that reflected important phenotypic characteristics of synovium in disease.  

Expression of inflammatory mediators—including the cytokine IL-6232,233 and chemokines CCL2 

and IL-8234,235—degradative matrix metalloproteinases MMP1 and MMP3236, and the inhibitor of 

RANK/RANKL-dependent bone resorption OPG237 were measured in order to display the 

synovial fibroblasts’ contribution to the interdependent processes of chronic inflammation, tissue 

destruction, and bone erosion in the rheumatic joint. 

Both FLS (Figure 3a) and Hs68 (Figure 3b) spontaneously expressed matrix 

metalloproteinases, IL-6, OPG, and MCP-1 in vitro.  RA FLS principally express MMP1 (71.3 ± 

30.4) followed by IL-6 (16.3 ± 0.4) OPG (4.9 ± 0.7) and low levels of MMP3 (2.3 ± 0.4) and 

MCP-1(1.4 ± 0.4)(Figure 3a).  In comparison to synovial fibroblasts, Hs68 produce higher 

levels of MMP3 (428.2 ± 132.6) and OPG (55.2 ± 9.4), but similar levels of MMP1 (92.8 ± 

44.7), IL-6 (19.0 ± 3.1), and MCP-1 (2.6 ± 0.9)(Figure 3b).  Both RA FLS and Hs68 expressed 
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essentially undetectable levels of IL-8 without stimulation (RA FLS: 0.1 ± 0.01) ; Hs68: 1.1 ± 

1.2).  Not surprisingly, immortalized Hs68—capable of surviving up to 42 passages in culture—

express commensurate or much larger levels of the aforementioned markers compared to 

synovial fibroblasts, which senesce after 10-12 passages in culture220.  Differences in expression 

between the two fibroblast lineages can be attributable to their unique physiological locations 

and functional roles in vivo. 

Although inter-patient variability exists in FLS expression data, these results largely align 

with past reports on the secretory profile of Type B synoviocyte monocultures.  Although 

secretory output in general (MMPs, cytokines, growth factors) is typically highest upon initial 

plating and then gradually tapers off238, RA synovial fibroblasts have been known to 

spontaneously secrete IL-6 and MMPs even after multiple weeks and several passages in 

culture107.  Thus, it is not surprising that IL-6 and MMP1 were the predominate transcripts 

detected here (Figure 3a).  Previous RT-PCR analysis of RA FLS cultured in the absence of 

exogenous cytokine or other stimuli revealed a notable presence of MMP1 mRNA in most 

samples, while IL-8 and MCP-1 were typically found at very low or undetectable levels239,240 

(Figure 3a).  In accordance with this, immunohistochemistry has shown that MCP-1 is 

predominately produced by RA macrophages and only seen in a small percentage of RA FLS240.  

However, expression of MCP-1 and IL-8 can be induced by exposure to specific cytokines.  For 

instance, TNFɑ stimulation is known to induce the expression of both IL-8 and MCP-1 and 

increase MMP1 expression in RA FLS239.  Similarly, exogenous TGF�1 was found to increase 

the expression of IL-8 and MMP1239.    
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MMPs 

Matrix metalloproteinases (MMPs) are a family of endopeptidases collectively capable of 

degrading all ECM components.  MMPs are thought to be involved in many cellular processes 

such as migration and angiogenesis, as well as growth and normal tissue homeostasis, such as 

that of the synovial membrane.  MMP1, interstitial collagenase, is capable of degrading collagen 

types I, II, and III.  MMP3 (stromelysin) is primarily responsible for degrading a broad array of 

non-collagenous matrix proteins in cartilage such as fibronectin, laminin, elastin, and various 

proteoglycans241,242.  Both MMPs are present at low levels in normal cells, associated with 

homeostatic tissue remodeling, and are elevated in arthritic disease.  In situ hybridization has 

revealed that both MMP1 (collagenase) and MMP3 (stromelysin) mRNA co-accumulate in the 

lining of RA synovium243.  Synovium-secreted MMP1 and MMP3 have been shown to be 

important for the degradation of articular cartilage—an important component of early stage 

destruction in RA at least partially driven by cytokine-mediated, self-perpetuating feedback 

loops between chondrocytes and synovial fibroblasts—as determined by models measuring 

matrix metalloproteinase expression in cocultures of bovine cartilage discs and rheumatoid 

arthritis synovial fibroblasts244; FLS were able to degrade cartilage matrix components—

including COMP, proteoglycans, and collagen—even without stimulation with inflammatory 

cytokines TNFɑ or IL-1β, suggesting that MMPs are secreted spontaneously by FLS244.  In 

confirmation of this, MMP1 has previously been shown to be present at basal levels in synovial 

fibroblast culture245,246 (Figure 3a).  The fact that, after several passages, RA FLS express 

MMP1 (Figure 3a), as opposed to MMP3 like Hs68 (Figure 3b), could be a testament to the 

enzyme’s pivotal role in degrading interstitial collagen, the principal component of type II 

cartilage, which is targeted in RA.  MMP-1 is the most abundantly expressed collagenase in 
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cartilage and synovium and is rate-limiting in cartilage destruction236.  RNAseq of cultured 

rheumatoid synovial fibroblasts and healthy controls revealed that MMP1 was one of the top ten 

differentially expressed genes247.  The pathologic role of fibroblast-secreted MMP1 in cartilage 

destruction in RA is further confirmed in vivo in a SCID mouse model, in which RA FLS are co-

implanted with human cartilage under the mouse renal capsule.  These RA FLS, impressively 

able to retain unique aggressive behavior even after several passages in culture prior to use in the 

murine model, are exclusively capable of invading the cartilage explants and express MMP1 at 

the FLS:cartilage interface71.  Thus, although fibroblasts are generally thought of as a uniform 

cell population with comparable roles as resident cells mediating connective tissue homeostasis 

through the balanced deposition and destruction matrix, distinct transcriptional differences in 

MMP expression between synovial fibroblasts and dermal Hs68 fibroblasts were found to exist, 

suggesting the existence of RA FLS specific functionality248. 

 

IL-6 

After MMP1,  unstimulated RA FLS monocultures primarily secreted IL-6 (Figure 3a).  

Tocilizumab, which targets the IL-6 receptor, has been shown to improve disease outcome in 

patients that do not respond to standard anti-TNF biologics249.  Immunohistochemistry has 

shown that IL-6 expression is increased in RA synovial lining compared to OA132.  Further, 

synovial fibroblasts are the primary producers of IL-6 in vivo as determined by situ-

hybridization of RA synovial tissue showing IL-6 mRNA colocalization mainly with synovial 

fibroblast and not macrophage-like cell markers250.   The spontaneous production of IL-6, which 

can be enhanced by IL-1 or TNFα by cultured Type B synoviocytes has been repeatedly 

demonstrated107.  The constitutive production of inflammatory cytokines, such as IL-6, as well as 
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mitogenic factors by synovial fibroblasts likely contributes to the trafficking of leukocytes into 

synovium and maintenance of the inflammatory synovial reactions that characterizes chronic 

arthritides and provide the functional and metabolic requirements needed to sustain pannus tissue 

in RA251 

 

Inability to Resorb Calcified Substrate In Vitro 

Neither FLS nor Hs68, when plated on commercial Osteoassay culture plates coated in a 

thin calcium-phosphate matrix, were capable of any resorption regardless of the cytokine milieu, 

including known inducers of osteoclastogenesis (i.e. M-CSF+RANKL) in hematopoietic 

precursors (Figure 4).  Resorptive capacity was measured by performing Von Kossa staining on 

decellularized wells to help visualize areas of resorbed matrix (Figure 4).  Other groups plating 

FLS on resorbable mineralized substrates reported similar results209. 

Although their role in non-mineralized cartilage destruction through elaboration of the 

aforementioned and additional matrix degrading enzymes has been well documented71, it is not 

known whether diseased FLS are capable of resorbing calcified tissue such as bone.  RA FLS are 

capable of expressing markers typically associated with osteoclast function.  Expression of 

cathepsin K, a lysosomal cysteine protease involved in bone remodeling and resorption typically 

associated with osteoclasts, is upregulated in RA synovium compared to normal synovium and in 

situ hybridization revealed that the majority of cathepsin K mRNA transcripts localized in 

synovial fibroblasts at the junction where inflammatory pannus came into contact with bone252.  

However, this expression may not be indicative of resorptive capacity, but rather contribute to 

invasiveness of pannus tissue.  Cathepsin K is thought to contribute to tumour invasiveness in 

some forms of breast cancer253.  Similarly, one of the top 50 differentially expressed genes in RA 
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FLS compared to FLS from healthy controls in one study utilizing microarray expression 

profiling was ATP6V1G3, which encodes a subunit of the vacuolar-type H+ ATPase254.  V-

ATPase activity on the plasma membrane of osteoclasts is important for the acidification of the resorption 

lacunae, which results in the degradation of inorganic mineral187.  However, like cathepsin K, V-ATPase 

activity in FLS could also contribute to their invasive properties rather than endowing synovial fibroblasts 

with the ability to resorb calcified structures as V-ATPase expression is also implicated in tumour 

metastasis.  As expected, FLS do not express TRAP, an enzyme associated with osteoclast/immune cell 

activation (Figure 6c)209. 

Although it is possible FLS may be able to resorb mineralized tissue in vivo in RA 

patients, evidence gathered thus far suggests that, while FLS may somehow support osteoclast 

formation from monocytic precursors that have infiltrated the synovium, they themselves are not 

capable of bone destruction (Figure 4).  In vivo studies in animal models do not support the idea 

of bone-resorbing FLS255-257.   TNFα transgenic mice (TNF-Tg), which develop spontaneous 

erosive arthritis, that are treated with antagonists of RANKL—a critical ligand required for 

osteoclastogenesis that binds the RANK receptor on monocytic osteoclast precursors—are 

ameliorated of bone erosion and exhibit reduced osteoclast numbers at the site of inflammation.  

Further, TNF-Tg × RANK−/− mice, generated by grossing TNF-Tg mice and mice deficient in 

RANK, developed severe osteopetrosis (characterized by bone thickening) and did not develop 

bone erosions255.  These results support the idea of the hematopoietically-derived osteoclast as 

the only bone-resorbing cell. 
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Model Cells Used to Represent Monocyte/Macrophage/Osteoclast 

Axis 

Cells along the spectrum of monocyte/macrophage differentiation—including CD68+ 

Type A synoviocytes, infiltrating CD14+ monocytes from peripheral blood, and osteoclasts—are 

major contributors to RA pathology both in terms of promoting inflammation and erosive joint 

destruction.  Pro-inflammatory M1 macrophages can contribute to perpetuation of synovitis and 

collateral tissue damage by secreting inflammatory cytokines (TNFα, IL-6, IL-1), reactive 

oxygen species (ROS) and nitrogen intermediates, prostaglandins, MMPs, and presenting antigen 

to cognate T-cells11.  Macrophages and osteoclasts, along with synovial fibroblasts, are the 

predominant cell types in inflammatory, erosive pannus tissue204.  Thus, while other cells clearly 

contribute (see Introduction), macrophages and osteoclasts are the effector cells actually 

destroying joint tissue and not just exacerbating the inflammatory cascade.  In a longitudinal 

study where serial synovial biopsies were taken from 28 RA patients over the course of almost 6 

years, one of the main histological features that correlated with articular destruction was 

sublining CD14+ cell, but not lymphocyte, numbers117.  Specific biologics used in the treatment 

of RA target cytokines produced by activated macrophages in the rheumatoid joint, such as 

TNFα and IL-6.  Further, the number of synovial sublining macrophages can be used as a 

biomarker for clinical efficacy in antirheumatic treatment ; successful therapeutics such as 

disease modifying anti-rheumatic drugs (methotrexate, leflunomide) and biologics, including the 

anti-TNF-α agent infliximab, significantly reduce sublining CD68+ macrophage numbers in RA 

patients previously naive to the treatment in question compared to control groups receiving 

constant DMARD therapy that receive placebo treatment180. 
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Because of the contribution of the monocyte/macrophage/osteoclast axis in health and 

disease, co-culture methods were explored using model non-diseased Type A synoviocytes or 

osteoclasts—representing the large bone-resorbing cells with multiple nuclei found at the 

junction between RA pannus and calcified cartilage or bone185.  To circumvent the fundamental 

problem of studying terminally differentiated Type A cells in vitro, CD14+ monocytes from 

healthy donors were obtained from whole blood collected at venipuncture using antibody-

mediated magnetic selection and differentiated into either macrophage-like or osteoclast-like 

cells.  Specifically, CD14+ cells were cultured either in the presence of M-CSF alone to 

represent the macrophage-like Type A synoviocytes258 that would be present in non-diseased 

synovium or dually stimulated with known osteoclastogenic cytokines M-CSF and RANKL to 

represent the large polykaryons found at the junction between invasive, synovially-derived RA 

pannus tissue and calcified cartilage or bone that stain positive for traditional osteoclast 

markers204.  In support of a role of RANK-RANKL mediated osteoclastogenesis in RA, one 

study found that more CD14+ monocytes (4.5-25%) from untreated RA patients were shown to 

express high levels of RANK compared to patients receiving DMARD treatment (less than 

4.5%)259.  Further, the decrease in CD14+RANKhigh monocytes with DMARD treatment 

mirrored clinical improvement, as measured by decreased serum RF and swollen and tender joint 

count259. 

 

Transcriptional Profile of Model Type A Cells 

Model Type A cells were generated in order to emulate healthy resident synovial Type A 

synoviocytes for future co-culture experiments with Type B cells.  Resident tissue macrophages 

are characterized by minimal consumption of oxygen, low protein synthesis rate, and moderate cytokine 
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secretion260,261.  M-CSF has long been associated with the survival, proliferation, differentiation, and 

activation of monocytes into macrophage-like cells262.  Culturing CD14+ monocytes with exogenous 

M-CSF polarized cells towards the M2 macrophage phenotype—an activation state associated 

with the relatively benign, sedentary resident tissue macrophage that participates in normal tissue 

remodeling and passive immunosurveillance—as opposed to the classically activated M1 

phenotype characterized by an increase in cytokine production and cytotoxic effector function263.  

In accordance with the M2 alternatively-activated phenotype, model non-diseased Type A cells 

generated here were characterized by modest transcriptional output, expressing mainly IL-8 

(14.7 ± 3) and MCP-1 (4.6 ± 1.7) with no statistically significant amounts of metalloproteinase 

(MMP1: 0.03 ± 0.03 ; MMP3: 0.008 ± 0.008) or OPG (0 ± 0) transcripts detected (Figure 3c).  

This is in stark contrast to the transcriptional profile of synovial and control dermal fibroblasts 

(Figure 3a, 3b).    CD14+ monocytes incubated with M-CSF, and not exposed to additional 

stimuli such as bacterial components like LPS, were previously shown to recapitulate the M2 

polarization state in vitro263,264.  These in in vitro generated macrophages produced low levels of 

inflammatory cytokines such IL-6264, also observed here (Figure 3c).  However, the 

functionality of our Model Type A cells was shown by expression of both MCP-1 and IL-8 

(Figure 3c).  Cultured macrophages are known to constitutively produce IL-8107.  Normal 

synovial tissue macrophages express MCP-1 (Figure 3c), but not normal synovial fibroblasts240.  

Interestingly, MCP-1 production increases in both isolated RA macrophages and RA FLS, but 

RA macrophages remain the primary producer of this cytokine even in pathologic states240. 
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Multinuclearity, TRAP and Other Prototypical Osteoclast Markers Cannot 

Distinguish Between Model Type A cells and Model Osteoclasts or Predict 

Resorptive Capacity in Vitro 

The functional characteristics of model osteoclasts were analyzed by 

immunohistochemical staining for tartrate resistant acid phosphatase (TRAP), an enzyme often 

used in combination with multinuclearity to identify osteoclasts and their precursors, and bone 

resorption assays.  Staining for tartrate resistant acid phosphatase (TRAP) is a classic method for 

visualizing osteoclasts histologically.   The tartrate resistant form of acid phosphatase is 

expressed by osteoclasts that are actively resorbing bone within transcytotic vesicles responsible 

for moving matrix degradation products outside of the cell265-267.    In support of their role in 

osteoclast biology, TRAP−/− mice develop a mild osteopetrotic phenotype attributed to a 

deficiency in bone resorption by osteoclasts268 while mice overexpressing the enzyme show an 

opposite osteoporotic phenotype269.  Bone resorption assays are a more direct way of measuring 

osteoclast function.  In order to avoid variability associated with using actual dentine slices or 

bone fragments, cells were plated on 24-well culture plates uniformally coated in a bone 

biomimetic synthetic surface (Corning, San Diego, USA).  In order to visualize resorption pits, 

cells were removed from the wells after 3 weeks and stained using the Von Kossa technique 

(Figure 4,7). 

Consistent with other studies studying osteoclast formation from CD14+ osteoclast 

precursors in blood270, model Type A cells plated on Corning Osteo Assay Surfaces coated were 

incapable of resorbing the calcified substrate as visualized by Von Kossa staining of 

decellularized wells (Figure 4) while model osteoclasts were capable of resorbing large amounts 

of matrix from the culture area (Figure 4,7).  Although resorptive capacity was an exclusive 
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ability of model osteoclasts, the percent culture area resorbed was highly variable depending on 

the CD14+ cell donor used (Figure 7b).  This variability may be due to unmeasured factors, such 

as the percentage of CD14+CD16- cells within the positively CD14+ fraction used and the age of 

the healthy PBMC donor ; CD14+CD16-, and not CD14+CD16+, were shown to be the subset 

capable of osteoclastogenesis271 and expression of high levels of RANK on CD14+ monocytes 

was shown to increase with age259.  In accordance with expected osteoclast morphology, 

monocytes stimulated with with M-CSF and RANKL formed giant TRAP-positive cells with 

larger numbers of nuclei than cultures exposed to M-CSF alone (Figure 6b-e, 7a).  Interestingly, 

despite not being capable of resorbing the calcium phosphate film, model Type A cells were 

capable of being both multinucleated and staining positive for tartrate resistant acid phosphatase 

(TRAP)(Figure 6b-e, 7a).  In addition, model osteoclasts, despite their clear functional capacity 

to resorb mineralized substrate, could not be distinguished from model Type A cells at the 

transcriptional level either ; no statistically significant difference in transcript levels of 

prototypical osteoclast markers—including the master osteoclast transcription factor, nuclear 

factor of activated t cells, cytoplasmic, calcineurin-dependent 1 (Nfatc1), and the late-stage 

differentiation marker, the Calcitonin R (CTR)272—were detected (data not shown), further 

confounding attempts to differentiate between the two hematopoietically-derived model cell 

types used.  Similar results were obtained when a fluorescent TRAP staining method was used273 

; again, neither TRAP expression nor counting F-actin rings was a reliable indicator of resorptive 

capacity in vitro (Figure 6d).  Thus, although microscopic assessment of TRAP positivity and 

multinuclearity and expression of prototypical osteoclast markers at the mRNA level appear to 

be relatively specific osteoclast markers in normal bone biology274, they do not appear to be 
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useful indicators of osteoclast formation using in vitro generated osteoclasts derived from 

peripheral blood monocytes (Figure 6b-e, 7a). 

The fact that multinuclearity was seen in model Type A cells is not surprising.  

Macrophages have been reported to spontaneously fuse in vitro275,276 and, as noted here, can fuse 

to form impressive polykaryons in the presence of survival factors for the monocyte-macrophage 

lineage such as M-CSF (Figure 6b-e, 7a). Monocyte/macrophage derived polykaryons form 

during tissue inflammatory responses and may accumulate in larger numbers in chronic 

inflammatory disorders at least initially to permit phagocytosis of larger material277.  For 

instance, multinucleated giant cells have been found in greater numbers in the synovium and 

subchondral bone of inflammatory OA and RA patients compared to non-arthritic controls278.   

These multinucleated cells have been subdivided based the specific arrangement and 

composition of their organelles in attempts to reconcile disease-specific subtypes versus subtypes 

found as a result of inflammation in general.  For instance, one group assessing macrophage 

polykaryon/osteoclast formation in OA and RA synovium categorized multinucleated giant cells 

into four different groups: Langhans or LGC (characterized by nuclei arranged in a horseshoe 

shape)277, foreign body giant cells or FBGC (characterized by many nuclei diffusely distributed 

throughout the cytoplasm)275 and foam-like or Touton cells (numerous nuclei clustered together, 

surrounded by a foamy cytoplasm)276.  LGCs and FBGCs were the main MNGCs found, but 

their relative distribution differed in synovium differed by diagnosis. While LGC-type 

polykaryons were mainly found in inflammatory OA synovium over FBGCs, FBGCs and LGCs 

were found in equal amounts in RA synovium278. 

Although non-intuitive, the inability to differentiate between monocyte-derived resorbing 

and non-resorbing polykaryons in vitro by expression of TRAP and other archetypal osteoclast 
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markers is a recurring phenomenon previously reported by other groups working with either 

adherent peripheral blood cells279, similar to the isolated peripheral blood CD14+ cells used here, 

or mouse bone marrow cells.  Kim and colleagues exposed human monocytes to three different 

conditions: M-CSF, M-CSF+MCP-1 or M-CSF+RANKL.  The authors were surprised to report 

higher levels of Nfatc1 and CTR in cultures not exposed to RANKL compared to cultures 

incubated with M-CSF and MCP-1.  In the present study, no change in CTR or Nfatc1 

expression was seen between M-CSF-stimulated and  M-CSF/RANKL-stimulated CD14+ 

monocultures cultured for the same time period here (data not shown).   A study by Hattersley 

and Chambers also concluded that multinuclearity and tartrate-resistant acid phosphatase were 

unreliable markers for osteoclast differentiation in mouse bone marrow cultures.  They found 

that even BM cultures that were not exposed to 1,25-Dihydroxyvitamin D3, known to induce 

bone resorption at least partly by increasing expression of RANKL on marrow stromal cells, 

were capable of forming TRAP-positive multinucleates even though they could not resorb 

bone274.  Another group reported that human monocytes express TRAP after only several days in 

serum-containing media273,280.  Thus, many monocyte-derived cells, including peripheral blood 

monocytes or mouse bone marrow cells, cultured in vitro can exhibit aberrant osteoclast 

phenotype without RANKL stimulation despite not being able to actively resorb bone. 

While the traditional TRAP stain that recognizes all isoforms of the TRAP 5 enzyme is 

clearly insufficient for differentiating between activated cells of the monocytic lineage and 

osteoclasts, the discovery of two different isoforms of TRAP 5, 5a and 5b, may assist in 

clarifying the difference between activated immune cells (model Type A cells) and bone-

resorbing osteoclasts (model osteoclasts), respectivly  Despite its popularized role in bone 

biology, TRAP has recently been shown to be a multifaceted enzyme found in several cell types, 



 
   

53

including osteoclasts, macrophages, and dendritic cells281.  TRAP, a highly conserved enzyme, 

has implications not only for bone, but also for immune function in animals and humans282.  As 

previously mentioned, osteoclasts in Acp5 (TRAP) homozygous mutant mice are impaired, 

resulting in reduced bone turnover, although osteoclastic resorption of dentine slices is not 

entirely abolished in these animals and they experience less severe outcomes than other 

osteopetrotic mutants268.  In addition, supporting a role for TRAP expression in the inflammatory 

response of macrophages, Acp5(-/-) mice also experience reduced pathogen clearance after 

microbial challenge with Staphylococcus aureus due to defects in macrophage pro-inflammatory 

signalling283.  Analogously, macrophages overexpressing TRAP are more efficient at killing 

bacteria284.  Similarly, the human genetic disorder spondyloenchondrodysplasia, the consequence 

of several different mutations in Acp5 which expunges TRAP function, is associated with both 

skeletal defects stemming from decreased bone resorption as well as increased incidence of 

autoimmune diseases285,286.  Critically, the isoform of TRAP expressed in each case was found to 

be different ; TRAP 5b expression associated with resorptive capacity and 5a associated with 

activated macrophages and dendritic cells282.  It would be interesting to measure expression of 

both TRAP isoforms using our model system.  However, for all future experiments in the present 

study the resorption assay was used to assess functional ability to resorb calcified matrix. 
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Figure 3:  Transcriptional Profiles of Model Type A Cells and Type B Synoviocytes. Rheumatoid arthritis 
Type B synoviocytes (RA FLS) (a), Hs68 dermal fibroblast controls, (b) and Model Type A cells (CD14+ 
blood monocytes from healthy donors incubated with M-CSF) (c) were plated in triplicate on 24-well culture 
plates.  After 3 weeks in culture, expression of eight relevant markers involved in inflammation (IL-6, IL-8, 
MCP-1), matrix destruction (MMP1, MMP3), and bone destruction (OPG) were measured at the mRNA level 
using RT-PCR.  The y-axis corresponds to normalized gene expression units.  Data is represented as the mean 
±S.E.M.  Results presented here were confirmed in a second experiment.  Relative to Model Type A cells, 
fibroblasts—both FLS (Type B) and Hs68—are the principal secretors of matrix metalloproteinases (MMP1 
and MMP3), the inflammatory cytokine IL-6, and mediators of bone resorption (OPG). (a) RA FLS 
principally secrete MMP1 (71.3 ± 30.4) followed by IL-6 (16.3 ± 0.4), OPG (4.9 ± 0.7), MMP3 (2.3 ± 0.4), 
and MCP-1(1.4 ± 0.4).  IL-8 was barely detectable in RA FLS (0.1 ± 0.01).  (b) In comparison, Hs68 express 
comparatively high levels of MMP3 (428.2 ± 132.6) and OPG (55.2 ± 9.4), but similar levels of MMP1 (92.8 
± 44.7), IL-6 (19.0 ± 3.1), and MCP-1 (2.6 ± 0.9).  Il-8 was not detectable at a statistically significant level 
(1.1 ± 1.2). c) Model Type A cells are characterized by moderate transcriptional output, expressing mainly IL-
8 (14.7 ± 3) and MCP-1 (4.6 ± 1.7) with no statistically significant amounts of metalloproteinase (MMP1: 
0.03 ± 0.03 ; MMP3: 0.008 ± 0.008) transcripts detected and no OPG (0 ± 0) detected at all. 
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Figure 4:  Functional Assessment of In Vitro Model Cell Populations Using Resorption Assays.  After 3 
weeks in culture, model Type A cells, model osteoclasts, synovial fibroblasts (rheumatoid arthritis or 
osteoarthritis), and dermal Hs68 fibroblasts were removed from the Corning Osteo Assay surface and wells 
were stained using the Von Kossa technique to visualize areas where calcified substrate had been resorbed.  
Entire wells are pictured (1x magnification) ; black indicates unresorbed matrix and white indicates areas of 
resorbed matrix.  Only model osteoclasts were capable of resorption.  RA FLS, OA FLS, and control Hs68 
dermal fibroblasts were not capable of resorption regardless of whether cells were exposed to M-CSF alone or 
M-CSF and RANKL. 
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Fibroblast Coculture with Model Type A Cells or 

Osteoclasts 

CD14+ peripheral blood monocytes from non-diseased donors were co-cultured with 

FLS (used between passages 3 and 7) derived from arthritic joints in the presence of M-CSF 

alone to represent the interaction between resident synoviocytes in health or in the context of 

erosive joint pathology by incubating with both M-CSF and RANKL in order to observe the 

effect of FLS on osteoclastogenesis in vitro.  The co-culture system was monitored at the protein, 

mRNA, and functional level using immunohistochemistry (TRAP staining), RT-PCR, and bone 

resorption assays respectively. 

 

Transcriptional Profile of Model Type A Cell: RA FLS Coculture 

Rheumatoid arthritis synovial fibroblasts were co-cultured with Model Type A cells to 

assess the effect macrophage-like cells had on what were mainly fibroblast-secreted factors 

(Figure 3a, 3b) in this in vitro model: IL-6, OPG, MMP1, and MMP3.  For comparison, model 

Type A cells were also co-cultured with Hs68 dermal fibroblast controls.  OPG (Figure 5b) and 

MMP1 (Figure 5c) expression was not altered to a statistically significant degree in either RA 

FLS (OPG:  p=0.17 ; MMP1: p=0.18) or Hs68 co-culture (OPG: p=0.83 ; MMP1: p=0.52) with 

model Type A cells compared to respective fibroblast monoculture. 

Worthy of note, IL-6, an important secreted mediator of disease, differed between model 

Type A: fibroblast coculture systems.  While model Type A: RA FLS co-cultures also did not 

express statistically different amounts of IL-6 compared to FLS monoculture (p=0.25), model 

Type A:Hs68 co-cultures had lower IL-6 expression than Hs68 monoculture (p=0.05) (Figure 
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5a) although this nearly twofold decrease was just barely not statistically significant.  It is 

possible that the observed difference in expression is the result of increased survival and/or 

proliferation of cells in in model Type A: Hs68 coculture compared to model Type A: FLS 

coculture (data not shown).  However, IL-6 has proven to be differentially regulated in other 

studies looking at the interaction between FLS and cells of the monocyte/macrophage lineage.  

Chen and colleagues measured protein expression in heterocultures of synovial fibroblasts or 

control dermal fibroblasts with U937 cells287—a hematopoietic cell line derived from a patient 

with generalized histiocytic lymphoma with the potential to fully differentiate down the 

monocyte lineage—which express mature monocyte markers after several days in culture with 

fibroblasts.  Interestingly, the group found that increasing U937 number increased IL-6 

expression in FLS:U937 co-culture287.  In another study, elutriated CD14+ peripheral blood 

monocytes added to RA Type B synoviocyte cultures also resulted in a synergistic increase in 

IL-6 production as determined by ELISA, more than what would be expected by combining IL-6 

transcript levels in FLS and monocyte monoculture264.  Unlike the present study which 

maintained co-cultures for 3 weeks in the presence of M-CSF, this experiment looked at 

monocyte: RA FLS interactions up to only nine days in coculture in the absence of exogenous 

macrophage growth factors such as M-CSF.  One theory to reconcile the differences between the 

present and past results is that monocytes behave differently in co-culture with synovial 

fibroblasts than monocytes that have had the opportunity to differentiate further down the 

monocyte/macrophage lineage.  Thus, influx of monocytes into the synovium may initially result 

in an increase in IL-6 production264, but if monocytic infiltrates are able to differentiate into 

resident-type macrophage cells under the influence of M-CSF, IL-6 productions reverts to 

baseline levels (Figure 5a).  To confirm this, the experiment would have to be performed again 
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so that RNA could be isolated at different time points from co-cultures in both the presence and 

absence of M-CSF.  An alternative explanation for the lack of an increase in IL-6 expression 

observed in model Type A: FLS co-cultures here could also be the result of differences in 

seeding density.  The prior study noted that the production of IL-6 in co-culture was dependent 

on the concentration of both cell types ; maximal IL-6 production occurred when FLS were 

plated at a saturating cell density and increased dose-dependently with monocyte number264. 

The most intriguing finding was the increase in MMP3 expression in model Type A:RA 

FLS co-cultures compared to the levels of the enzyme seen in RA FLS  monoculture (p=0.03) 

and model Type A monoculture alone.  For comparison, there was no statistically significant 

change in MMP3 expression between Hs68 monoculture and Model Type A:Hs68 co-culture 

(p=0.43)(Figure 5d).  Both MMP1 and MMP3 have been repeatedly implicated in RA 

pathology288.  Levels of MMP-3 and MMP-1 in the synovial fluid of RA patients is significantly 

higher than in OA fluids289.  Although MMP1 appears to be the most prominent MMP in RA 

synovium—found at sites of erosion290 and secreted spontaneously in culture in higher amounts 

than MMP3 here (Figure 3a)—MMP3 has a unique role in RA pathogenesis.  Serum MMP3 

levels have been shown to be uniquely predictive of disease severity and activity and are 

decreased in response to successful RA therapeutics.  For example, plasma levels of MMP3, but 

not MMP1, predict RA disease activity better than levels of inflammatory cytokines (IL-1, IL-6, 

and TNF-alpha) or markers of connective tissue turnover291.  One longitudinal study that 

followed a cohort of 58 RA patients for approximately 8 years found that one of the strongest 

independent predictors of radiographic progression, in addition to baseline anti-CCP 

seropositivity and baseline radiographic damage, was the presence of elevated MMP3 at baseline 
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in comparison to other traditional baseline markers such as ESR, CRP, RF and specific cartilage 

degradation products (CTX-II, COMP and TIMP-1)292. 

MMP3 has also been implicated in OA diagnosis and severity.  The involvement of 

MMP3 in both OA and RA suggests a common pathogenic mechanism, possibly associated with 

the degree of macrophage influx into synovium.  Although principally driven by mechanical 

wear of articular cartilage, the metabolic imbalance in chondrocyte regeneration characteristic of 

OA may be exacerbated by synovitis, associated with monocyte/macrophage influx293.  An 

increase in MMP3 could result in a waterfall-like amplification of tissue destruction by cleaving 

inactive zymogens to produce active MMPs and increasing inflammatory cytokine production, 

such as IL-1, which in turn can cause cartilage to produce more MMPs.  Immunohistochemistry 

revealed that MMP3 expression in OA samples was greater than non-diseased controls and 

increased with the severity of OA294.  Synovial macrophage depletion from the synovial lining 

layer prior to experimentally-induced arthritis in a murine model resulted in a complete 

inhibition of MMP3 up-regulation during OA295.  Further, MMP3 knockout mice, compared to 

control mice, that were allowed to spontaneously develop arthritis exhibited decreased OA-like 

changes in the synovial lining and a 67% reduction in the occurrence of severe cartilage 

damage295. 

Unlike OA, there is no difference in MMP3 expression with disease duration or severity 

in RA296.  Patients with early RA, in which clinical arthritis was just presenting (< 1 year 

duration) and late-stage RA, characterized by patients with longstanding disease (> 1 year 

duration), had indistinguishable levels of MMP3296.   RA is characterized by early CD68+ 

macrophage infiltration which is predictive of poor radiographic outcome.  Thus, rapid joint 

destruction in RA is at least partially attributable to macrophage infiltration into synovium and 
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perhaps concomitant synergistic increases in MMP3 production upon contact with synovial 

fibroblasts (Figure 5a).  MMP3 may contribute to joint destruction in RA in several ways, both 

directly by destroying articular cartilage and indirectly by promoting invasiveness297.  Most 

MMPs, including MMP1, are secreted as inactive proproteins and MMP3 is capable of cleaving 

proMMP-1 to create the active form of the enzyme, suggesting a dual role for MMP3 in matrix 

degradation298.  In addition to directly digesting extracellular matrix components and cleaving 

other pro-MMPs to create a chain reaction of MMP activation288, MMP3 may also assist with the 

transmigration of infiltrating inflammatory cells into the joint and the invasiveness of RA 

synovial fibroblasts297.  The invasive growth of RA FLS through Matrigel was measured in a 

transwell system by counting the number of cells that grew through through the matrix 

membrane.  RA FLS invaded in significantly higher numbers than OA or avascular controls.  

Importantly, after MMP 1–14, 17, and 19 were measured at the transcriptional level, it was found 

that FLS, regardless of disease origin, were more invasive if they expressed MMP-10, MMP-1, 

and MMP-3299. 

 

Functional Assessment of Model Osteoclast: FLS Coculture 

CD14+ monocytes obtained from whole blood collected at venipuncture from different 

healthy donors using antibody-mediated magnetic selection were exposed either to exogenous 

M-CSF (50ng/mL) + RANKL (100ng/mL) or M-CSF alone in the presence or absence of 

synovial fibroblasts for three weeks on 8-well chamber slides for TRAP staining and assessment 

of nuclearity.  While cultured FLS were not positive for TRAP, mononuclear or multinucleated 

model Type A cells and model osteoclasts could be TRAP positive in both monoculture or co-

culture with FLS (Figure 6b).  TRAP positive multinucleates were found in roughly the same 
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numbers in model Type A cell:FLS co-cultures and model osteoclast:FLS co-cultures (Figure 

6e).  However, TRAP positive, multi-nucleated cells in cultures exposed to exogenous M-CSF 

only were not capable of resorbing any calcified substrate ; only cultures exposed to M-CSF and 

RANKL were capable of resorption and the addition of FLS notably inhibited resorption (Figure 

7a).  Because of the non-specificity of multinuclearity and TRAP positivity in this model co-

culture system, it was determined that the resorption assay was the only method capable of 

accurately assessing osteoclastogenesis and bone resorption (Figure 7a)(see section 

Multinuclearity, TRAP and Other Prototypical Osteoclast Markers Cannot Distinguish Between 

Model Type A cells and Model Osteoclasts or Predict Resorptive Capacity in Vitro).  

 To confirm FLS inhibition of resorption was not due to some technical artifact or 

intrinsic fibroblast-secreted factor and assess the effect of monocyte donor on osteoclastogenesis, 

OA FLS and RA FLS were compared to control Hs68 skin fibroblasts—an immortalized dermal 

cell line derived from neonatal foreskin—in coculture with CD14-positive monocytes from 

different donors (Figure 7bi, 7bii).  Three different monocyte donors were cultured with the 

same fibroblast donors in the presence of M-CSF and RANKL on 24-well Corning OstoAssay 

culture plates, which are coated in a thin calcium-phosphate film.  After 3 weeks, cells were 

removed from Corning Osteoassay wells and stained using the Von Kossa technique to identify 

areas of resorbed and unresorbed calcified matrix.  While the extent of resorption was 

dramatically different depending on the monocyte donor used, the addition of Hs68 or FLS, 

respectively, reproducibly resulted in the same outcome.  CD14+ cells cultured alone and the 

same CD14+ cells co-cultured with Hs68 resorbed statistically indistinguishable amounts of 

matrix (n=3)(p=0.4).  In contrast, the CD14+ cells co-cultured with synovial fibroblasts, 
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regardless of the diseased state (OA or RA), notably inhibited resorption compared to CD14+ 

monoculture (n=3)(RA: p=0.00007 ; OA: p=0.00004). 

In order to confirm the suspected lineage-specific inhibition of resorption by synovial 

fibroblasts, the same monocyte donor was used while the diseased FLS donor varied (Figure 

7bi, 7bii).  Co-cultures of model osteoclasts with OA FLS (6% ± 2% culture area resorbed) or 

RA FLS (9% ± 2% culture area resorbed) resorbed statistically indistinguishable amounts of 

matrix (p=0.5).  Thus, Inhibition of resorption appeared to be a lineage (FLS)-specific 

phenomena, but not a disease-related feature as OA FLS and RA FLS resorbed statistically 

indistinguishable amounts of matrix (n=3)(p=0.5).  

It is unclear why FLS, regardless of disease origin, inhibit osteoclast differentiation in 

vitro.  However, it is logical that FLS under normal physiological situations would not want to 

promote osteoclast formation.  The macrophage/FLS system predominates in pannus and bony 

destruction in RA might be a consequence of this non-functional bone unit.  While a direct role 

in bone resorption is unlikely, the role of FLS in cartilage destruction through their secretion of 

proteinases has been well-documented71.  Through their secretion of MMPs, FLS may initially 

act like osteoblasts during normal bone turnover.  It is been proposed that osteoblasts initiate 

bone resorption by releasing collagenase in order to remove overlying organic matrix and expose 

underlying mineralized tissue to nearby osteoclasts300-303.  Bone marrow derived macrophages 

from mice only resorbed calcified bone, but not slices of decalcified bone or cartilage, suggesting 

that terminal OC differentiation requires calcified components in bone matrix304.  The fact that 

multinucleated giant cells only form adjacent to calcified tissue in histological sections taken 

from the pannus-bone interface suggests that direct contact with mineralized matrix is required 

for osteoclast formation in RA as well185.  Once FLS destroy articular cartilage, the numerous 
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monocyte/macrophages infiltrating the synovium are able to come into contact with articulating 

bone, which may provide a critical osteoclast differentiation signal.  In summary, the pannus 

environment in RA permits some monocyte progenitors to fuse to form functional bone-

resorbing giant cells but there is no counteractive process of bone formation as would be 

mediated by osteoblasts during normal bone turnover because FLS are not equipped with this 

anabolic machinery.  However, FLS might not be innocent bystanders merely permitting 

osteoclast formation in vivo.  Besides providing a supportive environment for 

monocyte/macrophages and potentially exposing bone to osteoclast precursors through the 

primary destruction of articular cartilage, RA FLS are known to express higher levels of RANKL 

than normal FLS in situ207.  The experiments performed here would indicate this expression is 

lost or at least not sufficient to support osteoclast formation in vitro ; however, interetsingly, 

RANKL can be induced in monolayer FLS cultures following TLR stimulation305. 

While FLS inhibited resorption under these culture conditions, it would be interesting to 

see how the model is affected by the addition of chemokines, cytokines, or other stimuli.  

Further, the macrophage activation state could be varied in order to observe the effect of diseased 

monocytes or non-diseased monocytes exposed to inflammatory stimuli —such as RA and OA 

PBMCs or non-diseased PBMCs stimulated in with LPS or TLR ligands—in co-culture with 

diseased synovial fibroblasts.  CD14+ cells incubated with M-CSF are associated with the M2 

alternatively activated macrophage phenotype, a polarization state associated with the relatively 

benign, sedentary role played by healthy resident tissue macrophages in tissue remodeling and 

passive immunosurveillance258(Figure 3c), but RA macrophages display characteristics better 

represented by the M1 classically-activated macrophages, which are equipped with anti-tumoural 

and cytotoxic function263.  In order to polarize macrophages towards M1 within this M1/M2 
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conceptual activation dichotomy, CD14+ monocytes could be exposed to various innate immune 

stimuli that may be involved in RA including TLR and NOD-like R ligands, immune complexes, 

or cytokines11.  The M2-like activation state utilized here in co-culture experiments might be 

able to be used as a transcriptional baseline. 
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Figure 5: Co-culture (Model Type A and Type B Synoviocyte) Transcriptional Profile. Rheumatoid 
arthritis synovial fibroblasts (FLS or Type B synoviocytes) were co-cultured with Model Type A cells to 
assess the effect macrophage-like cells had on what were mainly fibroblast-secreted factors in this in vitro 
model: IL-6, OPG, MMP1, and MMP3.  For comparison, model Type A cells were also co-cultured with 
Hs68 dermal fibroblast controls.  a) CD14+: RA FLS co-culture expression of IL-6 was not altered compared 
to FLS monoculture (p=0.25).  CD14:Hs68 co-cultures had lower IL-6 expression than Hs68 monoculture, but 
the decrease was just barely not statistically significant (p=0.05).  OPG (b) and MMP1 (c) expression was not 
altered in either RA FLS (OPG:  p=0.17 ; MMP1: p=0.18) or Hs68 co-culture (OPG: p=0.83 ; MMP1: 
p=0.52) with model Type A cells compared to FLS monoculture.  di) Notably, MMP3 expression was 
increased in Model Type A:RA FLS  co-cultures compared to RA FLS monoculture (p=0.03), but there was 
no statistically significant change between Hs68 monoculture and Model Type A:Hs68 co-culture (p=0.43). 
dii) depicts the same expression data shown in di without Hs68 data for easier visualization.  Data are 
represented as the mean ±S.E.M.  Results were confirmed in a separate experiment.  
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Figure 5: Co-culture (Model Type A and Type B Synoviocyte) Transcriptional Profile, Continued 
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6a)

M-CSF+RANKL

Model

Type A

Figure 6: TRAP Expression of Co-cultures of RA FLS and Model Osteoclasts or Model Type A cells. 

a) Total cells obtained from an osteoarthritis synovial digest cultured in the presence of M-CSF (50ng/mL) + 
RANKL (100ng/mL) for 6 days could form TRAP positive, multi-nucleated (3 or more nuclei) cells, but in 
very low numbers (magnification=10x).  After 3 weeks in culture in 8-well chamber slides, model Type A 
cell (bi, ci, di) and model osteoclast (bii, cii, dii) monocultures or co-cultures of each model cell type with 
rheumatoid arthritis (RA) synovial fibroblasts (biii-iv, ciii-iv, diii-iv) were stained for tartrate resistant acid 
phosphatase (TRAP) using both a traditional immunohistochemical TRAP kit (b: 5xmagnification, stained 
with TRAP and hematoxylin ; c: 20x magnification, TRAP stain only) and a fluorescent method [DAPI 
(blue), F-actin (red), and a fluorescent TRAP stain (green)](d).  Cells used in b and d are the same ; different 
monocyte and fibroblast donors were used in c. Monocyte-derived cells (both mononuclear and 
multinucleated) could be TRAP positive, but FLS were TRAP-negative (c).  e summarizes the results of the 
representative experiments in b-d graphically ; the number of TRAP-positive cells with 3 or more nuclei per 
5x field of view (as in b) were counted in each of the four conditions.  Note that TRAP-positive, multi-
nucleated cells could be present even without RANKL and in the presence of FLS, but cultures stimulated 
with M-CSF and RANKL formed more and larger TRAP-positive, multi-nucleated cells on average than 
cultures exposed to M-CSF alone and the addition of FLS markedly inhibited their formation.   
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Figure 6: TRAP Expression of Co-cultures of RA FLS and Model Osteoclasts or Type A cells, Continued 
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Figure 6: TRAP Expression of Co-cultures of RA FLS and Model Osteoclasts or Type A cells, Continued 
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Figure 6: TRAP Expression of Co-cultures of RA FLS and Model Osteoclasts or Type A cells, Continued 
 
 
 
 
 
 
 
 
 

0

5

10

15

20

25

30

35

40

ii)

p=0.001 p=0.0005

p=0.03

0

10

20

30

40

50

60

70

80

iii) p=0.01

p=0.003 p=0.008



 
   

71

.  
 
 

Model

CD14+

+

FLS

Model

CD14+

Control (MCSF alone) M-CSF+RANKL

7a)

i) ii)

iii) iv)

Figure 7: Resorptive Capacity of Model Osteoclast: Fibroblast Co-Culture. a) After 3 weeks, 
monocultures of model cells or co-cultures with synovial fibroblasts plated on 8-well chamber slides were 
stained for TRAP (pink)(magnification 20x)(a) while cells plated on 24-well Osteo Assay surfaces were 
removed for resorption assays (insets in a, b, c).  For resorption assays, entire wells are pictured 
(black=unresorbed matrix ; white=resorbed matrix). b) Three different monocyte donors (M1, M2, M3) were 
cultured with the same fibroblast donors—either RA FLS, control OA FLS or control dermal Hs68 
fibroblasts—in the presence of M-CSF (50ng/mL) + RANKL (100ng/mL), with the results displayed in bi 
shown graphically in bii. Model osteoclasts alone and the same model osteoclasts co-cultured with Hs68 
resorbed statistically indistinguishable amounts of matrix (n=3)(p=0.4).  In contrast, model osteoclasts co-
cultured with synovial fibroblasts, regardless of the diseased state (OA or RA), notably inhibited resorption 
compared to model osteoclast monoculture (n=3)(RA: p=0.00007 ; OA: p=0.00004). c) Three different 
diseased FLS donors (F1, F2, F3)(n=3 for OA and RA) were cultured with the same monocyte donor in the 
presence of M-CSF (50ng/mL) + RANKL (100ng/mL), with the results in ci shown graphically in cii.  Model 
osteoclasts co-cultured with either OA FLS or RA FLS resorbed statistically indistinguishable amounts of 
matrix (n=3)(p=0.5).  
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Figure 7: Resorptive Capacity of Model Osteoclast: Fibroblast Co-Culture, Continued 
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Figure 7: Resorptive Capacity of Model Osteoclast: Fibroblast Co-Culture, Continued 
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3D Type B Monoculture 

Monolayer culture limits cell interaction although even cells plated in these traditional 2-

D planar conditions are still capable of amassing to form complex structures with 3-D aspects.  

Due to the promise of 3-D culture systems ability to better reflect the in situ environment306 and 

the complicated nature of 2-D co-culture (Figure 5-7), micromass Type B monoculture using 

Matrigel (Figure 8)—a solubilized basement membrane preparation with a similar protein 

content to synovium319 that forms a gel at 37℃— was explored. 

An in vitro “humanoid” model involving synovial fibroblast suspended in ECM-like 

Matrigel has proved promising in terms of its ability to recapitulate the structure, expression 

profile, and behavior of synovium in vivo306.  Like the SCID mouse model where RA synovial 

fibroblasts preferentially migrate into human cartilage after co-implantation in the mouse renal 

capsule, the increased invasive potential of RA FLS compared to OA FLS is preserved in 

matrigel-transwell assays307-308; RA synovial fibroblasts placed on Transwell inserts grow 

through the Matrigel membrane placed below it in statistically higher numbers than OA or 

avascular necrosis controls299.  In accordance with the parcity of in vivo data demonstrating an 

increased capacity for proliferation by RA FLS107, such as low detection of the cellular 

proliferation marker Ki37 in the synovium114, there was no significant correlation between 

invasive ability and cellular proliferation in these in vitro invasion assays although RA FLS 

proliferated slightly more than OA FLS299.  Kiener and colleagues were the first to describe that 

synovial fibroblasts re-suspended in Matrigel—a gelatinous, ECM-like protein mixture secreted 

by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells—were capable of recapitulating 

synovial lining-sublining architecture in vitro227.  After several weeks, FLS micromass cultures 

can be fixed, cut into histological sections, and stained using traditional immunohistochemical 
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techniques for convenient comparative analysis to actual synovial samples that have been 

paraffin-embedded or snap frozen in OCT.  Using this methodology, Kiener’s group showed that 

FLS preferentially migrated to the surface of the gel where it interfaces with the culture media227.  

This phenomenon initially described by Kiener and colleagues was also reproduced here ; over 

the course of 3 weeks of culture, FLS migrated preferentially from the surface of the plastic dish 

to the top of the gel and formed a lining-like layer at the gel:media interface, reminiscent of the 

synovial lining at the juncture between the subintima and the synovial fluid (Figure 8b).  In 

contrast, Hs68 fibroblasts did not demonstrate the same organizational behavior and were present 

throughout the thickness of the gel (Figure 8b). 

The 3-D culture system may also be beneficial in replicating certain aspects of diseased 

synovium in response to pro-inflammatory cytokines.  Type B synoviocyte micromass culture 

stimulated with TNFɑ—an important macrophage-derived inflammatory cytokine that is the 

successful clinical target of several biologic agents used in RA309-313—were previously shown to 

exhibit a thickened pseudo-synovial lining layer compared to non-stimulated controls227.  This 

lining thickening, reminiscent of the synovial hyperplasia that occurs in RA, following TNFɑ 

exposure was also demonstrated here in some samples (Figure 8c) using confocal microscopy.  

Further, synovial fibroblasts in three-dimensional organ culture displayed a dramatically 

different morphology when exposed to exogenous TNFɑ (Figure 8a).  FLS in 3D cultures 

without any cytokine supplementation appear elongated and spindle-shaped while FLS exposed 

to TNFα are smaller and rounder (Figure 8a). 

These striking growth and morphological differences between 2D and 3D pioneered by 

Kiener and colleagues227 (Figure 8a, 8b) prompted an investigation into potential differences in 

gene expression between the two systems in response to acute TNFɑ exposure.  TNFɑ is already 
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known to increase MMP and cytokine production in 2D synovial fibroblast cultures, including 

the inflammatory cytokines IL-6232,233,314 and IL-8315 the chemokine CCL2, and matrix 

metalloproteinases MMP1316 and MMP3236,317 (Figure 8d)11.  This supports a central role of 

TNFɑ in mediating synovial pathology, including the RA synovium’s ability to perpetuate 

chronic inflammation, mediate tissue degradation and permit bone destruction318. 

To determine if 3D culture caused FLS to respond differentially to TNFɑ, FLS from 5 

different donors (3 RA and 2 OA) were plated in traditional monolayer culture or in 3D 

micromass culture for 20 hours in media that was either unsupplemented or contained 1ng/mL 

TNFα (Figure 8d).  Remarkably, 3D culture appeared to increase the sensitivity of FLS to 

TNFα, especially in regard to MMP transcription.  Relative to unstimulated monolayer culture, 

MMP1 and MMP3 increased approximately 360 fold and 525 fold, respectively, in 3D cultures 

stimulated with TNFα in comparison to only 39 fold (MMP1) and 34 fold (MMP3) in 2D 

cultures stimulated with TNFα (Figure 8d).  Although not as dramatically as the MMPs, notable 

increases in IL-6 and IL-8 expression were also observed in 3D Type B culture with TNFα (IL-6: 

56 fold increase, p=0.006 ; IL-8: 10636 fold increase, p=0.02) compared to 2D monoculture with 

TNFα (IL-6: 28 fold increase, p=0.01; IL-8: 3120 fold increase, p=0.03) or unstimulated 3D 

culture (IL-6: 2 fold increase, p=0.02 ; IL-8: not statistically significant, p=0.06)(Figure 8d).  

This impressive sensitivity to TNFα could also be observed in response to even smaller 

concentrations of TNFα than 1ng/mL (0.1ng/mL)(data not shown).  For comparison, 10-

50ng/mL is typically used in the literature to induce statistically reliable responses in monolayer 

culture320,321. 

It is important to note limitations in interpreting this data, particularly in regard to MMP 

expression.  RT-PCR can only detect expression at the level of transcription, but pro-MMPs 
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require post-translational cleavage in order to be fully activated.  Thus, measurements of the 

active MMPs would be needed to confirm the increases detected here were not the result of 

increases in inactive zymogens.  It is also important to consider when drawing conclusions that 

expression of some of the markers measured can be upregulated by Matrigel itself, 

notwithstanding increases caused by the addition of TNFα.  It is already known that synovial 

fibroblast contact with different types of matrix can induce differential MMP synthesis245,297.  

Because Matrigel consist primarily of collagen type IV, while human cartilage is composed 

mainly of collagen type 2, it would be a reasonable hypothesis that contact with Matrigel itself 

could be selective for the induction of MMPs that degrade collagen type IV, which includes 

MMP3322.  However, western blot analysis previously showed that MMP1(and not MMP3) 

synthesis was strongly stimulated in synovial fibroblasts when they were exposed to 3-

dimensional collagen gels compared to two dimensional plastic245.  In line with this finding, FLS 

expression of MMP1 was increased fairly dramatically when transitioning from monolayer 

culture to the third dimension using Matrigel here (20 fold increase, p=0.01), but MMP3 

expression was not altered to a statistically significant degree (Figure 8d).  Although to a lesser 

extent than MMP1, IL-6 expression also increased significantly in 3D micromass culture 

compared to traditional planar culture (2 fold increase, p=0.02)(Figure 8d).  IL-8, along with 

MMP3, expression was not altered to a statistically significant degree in FLS cultured on two-

dimensional plastic versus 3D organ culture (Figure 8d). 

Importantly, transitioning to 3D culture did not result in global increases in gene 

expression or a monolithic increase in sensitivity to TNFα.  Mean CCL2 expression decreased 

from unstimulated 2D to unstimulated 3D culture (0.6 fold decrease, p=0.007).  Unstimulated 3D 

Type B cultures expressed less OPG than unstimulated 2D cultures (0.9 fold decrease, 
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p=0.0005).  Further, FLS in Matrigel exhibited smaller increases in CCL2 and OPG expression 

in response to TNFα.  Relative to unstimulated monolayer culture, CCL2 increased 

approximately 10.78 fold (p=0.003) in 2D culture with TNFα compared to only a 4.1 fold 

increase (p=0.02) in expression in 3D culture with TNFα.  Similarly, while OPG levels appeared 

to increase in 2D cultures stimulated with TNFα compared to unstimulated 2D cultures (although 

not quite to a statistically significant degree)(5.8 fold increase, p=0.07), TNFα-stimulated 3D 

cultures definitively resulted in decreased OPG expression compared to unstimulated 3D culture 

(0.6 fold decrease, p=0.02)(Figure 8d). 

In order to see if increased receptor expression for TNFα was a potential contributing 

factor to the heightened sensitivity to TNFα observed in 3D Type B monocultures, expression of 

the two archetypal members of the TNFαR superfamily, TNFαR1 and TNFαR2, were measured 

at the mRNA level (Figure 8ei).  Both increased by approximately two orders of magnitude in 

3D compared to 2D.  The increase in expression of TNFαR2, the least studied of the two major 

TNFα receptors (Bluml et al, 2017), was subsequently confirmed at the protein level by flow 

cytometry (Figure 8eii).  It is important to note that increased TNFαR expression offers only a 

partial explanation for the differential response of FLS in 3D.  As previously described, global 

hyperexpression was not observed across all markers. 

In order to demonstrate the various ways in which the 3D micromass culture system 

could be modified, total cells obtained from an OA synovial digest (shown to consist mainly of 

CD14+ monocyte/macrophages and CD90+ FLS in Figure 2d,2e) were cultured in 3D using 

Matrigel in the presence of M-CSF and RANKL for one week (Figure 9a).  This preliminary 

assessment of the potential variations possible using 3D micromass culture resulted in an 

increase in multinucleated cell formation as seen by confocal microscopy compared to synovial 
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digests plated in 2D (Figure 6a), possibly due to a decrease in OPG expression by FLS in 3D 

(Figure 8b).  To further modify the system to reflect different aspects of destructive joint 

pathology, total cells obtained from synovial digests were then exposed to various combinations 

of inflammatory/osteoclastogenic cytokines (M-CSF+RANKL and/or TNF) and a small bone 

fragment (also obtained after arthroplasty) for one week (Figure 9b).  Matrigel was then 

depolymerized and the cells plated in 2D to acquire images ; based on qualitiattive observation, 

the most multinucleated cell formation occurred after exposure to M-CSF, RANKL, and TNF 

(Figure 9b). 

Overall, transitioning to the third dimension appears to unmask a critical sensitivity to TNFα not 

achievable in monolayer culture that better aligns with the clinical efficacy of anti-TNF biologic 

therapies.  Therapeutic intervention using monoclonal antibodies against TNFα yields clinical 

responses in roughly 70% of patients, with about a little less than a quarter of patients meeting 

the most rigorous criteria set by the American College of Rheumatology for 70% improvement24.  

In addition, treatment results in rapid reduction of inflammatory blood proteins whose synthesis 

is controlled by TNFα, including acute phase reactants and IL-6323.   
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Figure 8: Architectural, Morphological and Transcriptional Differences Between Synovial Fibroblasts in 

Traditional 2D Monolayer Culture and 3D Micromass Culture In Response to TNFα. 
a shows brightfield images of RA FLS either in traditional monolayer culture or in 3D micromass culture using 
Matrigel in both unstimulated culture media or media supplemented with 10ng/mL TNFα for one week.  The insets in 
a depict the same four conditions, but cultures were fixed, permeabilized, and stained for confocal microscopy DAPI 
(blue), F-actin (red)].  Note the dramatic differences in morphology seen only in 3D cultures between unstimulated 
FLS (elongated) and FLS exposed to exogenous TNFα (small, round). 
b shows confocal images taken in the XZ plane of 3D fibroblast (FLS or control Hs68) micromass cultures after 3 
weeks.  FLS migrate preferentially to the surface of the gel where it interfaces with the culture media to form a lining 
layer while Hs68 control dermal fibroblasts are distributed randomly throughout the thickness of the gel (DAPI=blue ; 
F-actin=red)(n=1).  
c shows confocal images taken in the XZ plane of FLS in 3D micromass culture incubated in media without 
supplementation or with 1ng/mL TNFα for 3 weeks.  Note the thickening of the lining layer after TNFα stimulation. 
d) FLS from 5 different donors (3 RA ; 2 OA) were plated in 2D and 3D with and without 1ng/mL TNFα for 20 hours 
and mRNA expression of genes associated with inflammation (IL-6, MCP-1, IL-8), cartilage destruction (MMP1, 
MMP3), and bone catabolism (OPG) were measured. Gene expression was normalized to gene transcript levels in 2D 
culture.  The most dramatic increases in mean MMP expression occurred in 3D Type B culture with TNFα (MMP1: 
360 fold increase, p=0.03 ; MMP3: 525 fold increase, p=0.04) compared to 2D monoculture with TNFα (MMP1: 39 
fold increase, p=0.01 ; MMP3: 34 fold increase, p=0.03) or unstimulated 3D culture (MMP1: 20 fold increase, p=0.01 
; MMP3: no statistical difference, p=0.2).  The most dramatic increases in mean IL-6 and IL-8 expression occurred in 
3D Type B culture with TNFα (IL-6: 56 fold increase, p=0.006 ; IL-8: 10636 fold increase, p=0.02) compared to 2D 
monoculture with TNFα (IL-6: 28 fold increase, p=0.01; IL-8: 3120 fold increase, p=0.03) or unstimulated 3D culture 
(IL-6: 2 fold increase, p=0.02 ; IL-8: not statistically significant, p=0.06). Mean CCL2 expression decreased from 
unstimulated 2D to unstimulated 3D culture (0.6 fold decrease, p=0.007) as well as from TNFα-stimulated 2D to 
TNFα-stimulated 3D culture (6.6 fold decrease, p=0.02).  Unstimulated 3D Type B cultures expressed less OPG than 
unstimulated 2D cultures (0.9 fold decrease, p=0.0005) ; the same decrease was seen in 3D versus 2D when cultures 
were stimulated with TNFα (6.4 fold decrease, p=0.045). Although not quite to a statistically significant degree, OPG 
levels increased in 2D cultures stimulated with TNFα (5.8 fold increase, p=0.07) compared to unstimulated 2D 
cultures, while stimulated 3D cultures clearly resulted in decreased OPG expression compared to unstimulated 2D 
culture (0.6 fold decrease, p=0.02). 
e) Both TNFαR1 (2.2fold increase over 2D) and TNFαR2 (2.5fold increase or 2D) expression is approximately 
doubled in 3D micromass culture compared to 2D culture after 20hr of TNFalpha stimulation. dii) TNFαR2 
expression is increased at the protein level in 3D micromass culture compared to 2D culture as determined by flow 
cytometry. 
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Figure 8: Architectural, Morphological and Transcriptional Differences Between Synovial Fibroblasts in 

Traditional 2D Monolayer Culture and 3D Micromass Culture In Response to TNFα. 
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Figure 8: Architectural, Morphological and Transcriptional Differences Between Synovial Fibroblasts in 

Traditional 2D Monolayer Culture and 3D Micromass Culture In Response to TNFα, Continued 
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Figure 8: Architectural, Morphological and Transcriptional Differences Between Synovial Fibroblasts in 

Traditional 2D Monolayer Culture and 3D Micromass Culture In Response to TNFα, Continued 
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Figure 8: Architectural, Morphological and Transcriptional Differences Between Synovial Fibroblasts in 

Traditional 2D Monolayer Culture and 3D Micromass Culture In Response to TNFα, Continued 
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Figure 9: Multinucleated Cell Formation in 3D Micromass Culture Using Cells Obtained From Synovial 

Digests, Continued  
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Figure 9: Multinucleated Cell Formation in 3D Micromass Culture Using Cells Obtained From Synovial 

Digests. a) Total cells obtained from an OA synovial digest were cultured in 3D using Matrigel in the presence of 
M-CSF and RANKL for one week and analyzed by confocal microscopy [DAPI (blue) and F-actin (red)].  b) 

Total cells obtained from OA synovial digest were cultured in 3D in the presence of various combinations of 
inflammatory/osteoclastogenic cytokines (M-CSF+RANKL and/or TNF) and a small bone fragment (also 
obtained after arthroplasty) for one week (top).  Multinucleated cell formation was assessed visually using 
brightfield microscopy after Matrigel was depolymerized and isolated cells were replated in 2D (bottom).  Note 
that the most multinucleated cell formation occurred after exposure to M-CSF, RANKL, and TNF. 



 
   

86

 
 
Figure 9: Multinucleated Cell Formation in 3D Micromass Culture Using Cells Obtained From Synovial 

Digests, Continued  
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CONCLUSION 

Improvements yielded here afford new opportunities for in vitro models to better reflect 

synovium in health and disease.  First, the method by which cells are isolated was optimized.  A 

disaggregation and cell isolation protocol using a combination of enzymatic digestion with 

liberase TL and mechanical dissociation with the GentleMACS tissue dissociator was found to 

be the most effective method of isolating a healthy, viable, and representative cellular population 

as determined by flow cytometric analysis of total isolated cells.  Fibroblast-like Type B 

synoviocyte cultures could then be established by culturing total cells obtained from synovial 

digests under conditions that favor synovial fibroblast survival at the expense of other cell types.  

The expression profile of FLS was then characterized and compared with that of dermal Hs68 

controls.  Because Type A synoviocytes are terminally differentiated cells that do not survive 

long in culture, model Type A cells and model osteoclasts were developed and characterized 

functionally and transcriptionally for subsequent inclusion in co-culture experiments with FLS.  

The transcriptional profile of model Type A cells in co-culture with RA FLS or Hs68 for 

comparison was measured.  Interestingly, MMP3 expression increased significantly in model 

Type A: FLS co-cultures from what would be expected from monoculture levels combined, but 

no similar change was observed in control model Type A: Hs68 co-cultures.  In addition, while 

there was no difference in resorption between model osteoclast and model osteoclast:Hs68 co-

cultures, FLS appear to have a lineage specific inhibitory effect on osteoclastogenesis when co-

cultured with model osteoclasts.  Finally, Type B synoviocyte micromass cultures systems 

previously established by Kiener and colleagues were further characterized by comparing the 

transcriptional profile of these 3D cultures to 2D controls both under basal culture conditions or 
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in media supplemented with the pro-inflammatory cytokine TNFα.  Intriguingly, FLS increased 

expression of proteases and inflammatory cytokines dramatically in 3D culture when stimulated 

with exogeneous TNFα, a response that better replicates in situ Type B synoviocyte phenotype 

and aligns with the clinical success of targeted anti-TNFα therapy.  Further, the inhibitor of 

osteoclastogenesis OPG was downregulated in 3D culture, suggesting that 3D culture with 

Matrigel might be a more permissive environment for osteoclast formation.  In summary, the 

current paradigm of monolayer Type B synoviocyte culture was perturbed by either adding 

model Type A cells for co-culture experiments or transitioning to 3D in order to better 

recapitulate in vivo synovial tissue. 
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MATERIALS AND METHODS 

Clinical Materials 

Human knee synovium was collected at the time of joint replacement from rheumatoid 

arthritis (RA) or osteoarthritis (OA) patients diagnosed after obtaining informed consent. 

Cultured human RA and OA FLS were generously provided by Katheryn Topeleski from 

the Firestein lab at UCSD.  FLS had previously been frozen down in small aliquots between 

passages 3-7 according to a previously described protocol for obtaining FLS by continuous 

subculture220.  FLS lines were then expanded in T-75 culture flasks (Becton Dickinson, Franklin 

Lakes, NJ) prior to use in monoculture and co-culture experiments. 

Peripheral blood from anonymized healthy donors was collected at venipuncture and 

PBMCs were isolated using Ficoll Plaque Plus (GE Healthcare, Chicago, USA) according to the 

instructions provided by the manufacturer.  Subsequently, CD14+ monocytes for monoculture 

and co-culture experiments were isolated from PBMCs by immunomagnetic purification using 

EasySep CD14 magnetic beads (Stemcell Technologies, Vancouver, Canada) as described by the 

manufacturer . 

 

Synovial Digest Procedure 

Following collection, joint tissue is stored in a sterile screw-cap jar at 4℃ until 

processing.  Synovium—which can appear pink, tan, or potentially villous—was identified and 

excised from underlying fat or fibrous tissue using sterilized surgical scissors and forceps.  

Excised fragments were bathed in ~500µL of prewarmed RPMI (ThermoFisher Scientific, 

Waltham, MA) and minced into millimeter-sized tissue fragments.  The tissue was then added to 
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GentleMACS C tubes (Miltenyi Biotec, Bergisch Gladbach, Germany)(0.5g tissue/tube).  Ten 

milliliters of pre-warmed digestion buffer, consisting of 100µg/mL Liberase TL (Roche, Basel, 

Switzerland) and 10µg/mL DNase 1 from bovine pancreas (Sigma Aldrich, St. Louis, MO) in 

RPMI, was added to each tube and the sample was macerated with the automated GentleMACS 

tissue dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) using the program m_Spleen 

04.01.  Afterwards, the sample was incubated in the digestion buffer at 37oC for 15 minutes.  

After the incubation period, the tissue digest was again placed on the GentleMACS (m_Spleen 

04.01 program), subjected to another 15 minute incubation period at 37oC, and macerated a third 

and final time with the GentleMACS (m_Spleen 04.01 program).  Undigested matrix was filtered 

out by pouring the sample into the cell dissociation sieve/tissue grinder kit (mesh screen size 

60)(Sigma Aldrich, St. Louis, USA) over a petri dish.  The filtrate collected in the petri dish was 

transferred to a 50-mL conical tube and diluted 1:3 with 2% FBS (Gemini Bio Products, 

Sacramento, CA) in RPMI.  The filtered digest was centrifuged at 425RCF for 8 minutes.  The 

supernatant was aspirated and the pellet was re-suspended in 50mL of 2% FBS in PBS (GE 

Healthcare, Chicago, Illinois).  The suspension was filtered again using the mesh size 60 sieve 

prior to being filtered with a 70µm cell strainer (Corning Inc., Corning, NY) into a 50-mL 

conical tube.  Finally, the purified cells were centrifuged at 425RCF for 8 minutes, the 

supernatant discarded, and the sample resuspended in the desired media for cell counting and 

downstream experiments. 
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Cell Culture 

2-D Mono- and Co-culture 

CD14+ monocytes obtained from peripheral blood were differentiated in vitro into either 

macrophage-like (model Type A cells) or osteoclast-like cells (model osteoclasts) by exposing 

cultures to exogenous M-CSF (50ng/mL) only or the known osteoclastogenic combination, M-

CSF (50ng/mL) + RANKL (100ng/mL), respectively, for 2.5 weeks in a 5% CO2 atmosphere on 

either 8-well chamber slides or 24-well Osteo Assay Surfaces depending on the assay being 

performed.  For TRAP staining, CD14+ cells and FLS were plated either alone (0.74*10^6 CD14+ cells 

or 3700 FLS) or together at a 200:1 ratio in 8-well Nunc™ Lab-Tek™ chamber slides (Nalge Nunc 

International, Rochester, USA) in Complete Dulbecco’ modification of Eagle’ medium 

(DMEM)(Corning Inc., Corning, NY, USA)(contains 2 mM L-glutamine, 100 U/mL penicillin, 

100 µg/mL streptomycin, 50 µg/mL gentamycin, and 10% fetal calf serum) that was supplemented 

with RANKL (100ng/mL) and/or M-CSF (50ng/mL)(both from PeproTech, Rocky Hill, NJ) where 

indicated.  For resorption assays, CD14+ cells and FLS were plated either alone (1.6*10^6 CD14+ cells 

or 8000 FLS) or together at a 200:1 ratio on 24-well Osteo Assay surfaces (Corning Inc., Corning, USA) 

in complete DMEM that was either unsupplemented or supplemented with M-CSF (50ng/mL) and/or 

RANKL (100ng/mL) where indicated.  

3-D Type B Monoculture 

Micromass organ cultures were constructed as described previously by Kiener and 

colleagues227,324.  Briefly, FLS that had been expanded in T-75 culture flasks until they reached 

70-90% confluence were detached using Trypsin-EDTA (Gibco, Waltham, MA) and washed in 

complete DMEM on the day an experiment was to be performed.  Subsequently, FLS were 

resuspended in 4℃ liquid Matrigel (Corning Inc., Corning, USA) at a density of 5 × 10e6 
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cells/ml.  Droplets (25μl) of the cell suspension were placed on ice-cold 8-well chamber slides 

that have been previously coated with poly-2-hydroxyethyl methacrylate (poly-HEMA)(Sigma-

Aldrich, St. Louis, USA) to prevent cells from adhering to the bottom of the plate.  Gelation was 

achieved by incubating the preparation for 30 min at 37°C.  For experiments confirming the 

previously demonstrated ability of Type B synoviocytes to form a lining-layer in vitro, 

micromass cultures were cultured for 3 weeks in complete DMEM with or without TNFα 

(10ng/mL), with the media being replaced bi-weekly.  For acute TNFα stimulation experiments, 

3D FLS-Matrigel cultures were incubated with complete DMEM containing 1ng/ml TNFα or 

unsupplemented complete DMEM as a control (R&D Systems, Minneapolis, MN) for 20 hours. 

 

Flow Cytometric Analysis 

For analysis of cellularity of synovial digests, total cells obtained after the tissue disaggregation 

and cell isolation procedure were blocked with Human Trustain FcX (Biolegend, San Diego, 

CA) and re-suspended in a final volume of 100µl of PBS (GE Healthcare, Chicago, Illinois) 

containing 2% FBS (Gemini Bio Products, Sacramento, CA) and 1mM EDTA in preparation for 

staining.  The sample was incubated with the following four-antibody panel for 20min at 4℃: 

anti-CD14-FITC (Clone M5E2), anti-CD3-PE (Clone HIT3a), anti-CD20-PE/Dazzle (Clone 

2H7), and anti-CD90-AF647 (Clone 5E10)(all from Biolegend, San Diego, CA).  Stained 

samples were fixed with 4% paraformaldehyde solution (Affymetrix, Santa Clara, CA) for ten 

minutes at RT and kept at 4℃ until analysis.  All flow cytometric data was acquired on a 

FACSCalibur and subsequently analyzed using FlowJo software (Tree Star Inc, Ashland, OR). 
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Confocal Microscopy 

For visualization of 3D architectural features such as lining formation and cellular 

morphology in vitro, micromass cultures were fixed with 4% paraformaldehyde in PBS 

(Affymetrix, Santa Clara, CA) and permeabilized with PBS containing 0.1% Triton-X (Thermo 

Fisher Scientific, Waltham, MA).  Subsequently, 3D Matrigel cultures were incubated overnight 

with Hoechst nuclear stain (blue) and anti-phalloidin (F-actin-binding)(red)-AF555 (both from 

Thermo Fisher Scientific, Waltham, MA).  Similarly, fluorescent TRAP staining was also 

analyzed by confocal microscopy using the ELF97 TRAP stain (Molecular Probes, Eugene, OR) 

according to the manufacturer’s instructions in combination with Hoechst and anti-phalloidin (F-

actin-binding)(red)-AF555.  Confocal images were acquired by Jongdae Lee using a Zeiss LSM 

880 confocal microscope. 

 

Tartrate Resistant Acid Phosphatase (TRAP) Staining 

After 2.5 weeks in culture, cells seeded on chamber slides were fixed using a 

citrate/acetone solution and subsequently stained for tartrate-resistant acid phosphatase (TRAP) 

using the 387-A Acid Phosphatase, Leukocyte (TRAP) Kit (Sigma Aldrich, St. Louis, MO) 

according to the manufacturer’s instructions.  To quantify the number of osteoclast-like cells in each 

culture condition, the number of TRAP-positive cells with three or more nuclei were counted in each of 

three 5x images and averaged.  Data is represented as the mean number of TRAP-positive 

multinucleated cells ± SEM and includes three replicate experiments performed independently 

on different occasions using different blood and fibroblast donors.  
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Bone Resorption Assay 

In order to measure resorptive capacity, cells were plated on 24-well Corning Osteo 

Assay culture plates, which are coated in a bone biomimetic synthetic surface.  After 3 weeks in 

culture, cells were removed using 0.1% Triton-X (Thermo Fisher Scientific, Waltham, MA) in 

PBS and wells were stained using the Von Kossa technique.  All reagents used were from Sigma 

(St. Louis, MO, USA).  Briefly, a 0.5% silver nitrate solution was added to the wells and allowed 

to sit for 2 minutes.  Wells were then washed three times with deionized water before developing 

the assay with a solution consisting of 5% sodium carbonate, 25% formalin, and 70% DI water.  

In order to remove unreacted silver, wells were again washed three times and 5% sodium 

thiosulfate was added for two minutes.  Wells were washed a final three times before obtaining 

images using a high-resolution camera.  Areas of un-resorbed matrix appeared black and areas 

where matrix had been resorbed appeared white.  ImageJ (NIH, Bethesda, MD, USA) was used 

to calculate the percent area resorbed. 

 

RT-PCR 

Reverse-transcription polymerase chain reaction was performed using a cell-based 

standard curve technique previously described by David Boyle’s lab for the measurement of 

mRNA from small synovial samples325.  Briefly, after 2.5 weeks in culture, media was removed 

from cell cultures and cells were lysed with RNA-STAT-60 (Tel Test, Friendswood, TX) to 

preserve RNA.  RNA was kept in RNA-STAT-60 at -80℃ until the day of RNA isolation and 

cDNA preparation.  Total RNA was later isolated according to the protocol associated with the 

RNeasy Mini Kit (Qiagen, Venlo, Netherlands).  The RNA content was determined using 

RiboGreen (Molecular Probes, Eugene, OR) and up to 250ng per reaction was reverse-
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transcribed in a final volume of 25μl using Applied Biosytem’s RT (Applied Biosystems, Foster 

City, CA) reagents  The resulting cDNA was stored at -80°C.  Real time PCR was performed 

using TaqMan chemistry to quantify gene expression relative to the cell-based standard.  

Concanavalin-stimulated peripheral blood mononuclear cells were used to normalize IL-8 and 

IL-6 expression and IL-1 stimulated synovial fibroblasts were used to normalize expression of 

transcripts.  The PBMC or FLS cell equivalent number (CE) for different wells were calculated 

using the appropriate standard curve.  All reagents required for PCR—including commercially 

designed and prepared TaqMan primer and probe sets for IL-6, IL-8, OPG, MMP1, and MMP3 

(0.8μl per 25μl reaction)—were from Applied Biosystems (Foster City, CA, USA).  PCR 

reactions were carried out on a QuantStudio 6 Flex (Applied Biosystems, Foster City, CA) 

detection system.  To control for sample cellularity, separate PCR reactions with GAPDH 

forward and reverse primers (0.5 μl each/reaction) and a TaqMan JOE/TAMRA-labeled probe 

(0.5 μl/reaction) were included.  Unless otherwise indicated, data were expressed as the ratio 

between the inflammatory mediator CE and the GAPDH CE, yielding relative gene expression 

units. 

 

Statistical Analysis 

The number of replicates per condition and the number of times a particular experiment 

was performed is indicated in the figure legends.  Statistics were calculated using Prism 

(Graphpad Software Inc., San Diego, CA, USA) software.  Significance was determined using 

the paired T-test ; P<0.05 was considered significant. 
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