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ABSTRACT 

 

Meredith A. Rowe 

 

THE ROLE OF MACROPHAGE MIGRATION INHIBITORY FACTOR  

IN OSTEOARTHRITIS 

 

 

 

Dissertation under the direction of 

 

Richard F. Loeser, M.D. 

Herman and Louise Smith Distinguished Professor 

Division of Rheumatology, Allergy, and Immunology 

Director of Basic and Translational Research, Thurston Arthritis Research Center 

The University of North Carolina at Chapel Hill 

 

 

 

Aging and previous joint injury are two key risk factors for the development of 

osteoarthritis (OA). While therapeutic options are available that alleviate the symptoms 

of OA, no disease-modifying therapies have been identified.  OA is characterized by the 

active degradation of joint tissues and in some cases, inflammation of the synovium, or 

synovitis.  Inflammatory cytokines are elevated in OA which exacerbate the degradation 

and inflammation of joint tissues.  Macrophage migration inhibitory factor (MIF) is an 

inflammatory cytokine that is elevated in OA serum and synovial fluid. Deletion of Mif in 

mice was found to extend lifespan.  Due to the potential connections between OA, aging, 

and MIF, the objective of the studies reported here was to investigate the role of MIF in 

the development of OA. 

 

Human OA chondrocytes but not meniscal cells produced elevated levels of MIF 

compared to normal chondrocytes and meniscal cells. OA severity was analyzed 
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histologically in a mouse aging model of naturally occurring OA and a surgical model 

where the destabilization of the medial meniscus (DMM) procedure was used to induce 

OA in young adult mice.  Aged Mif-/-mice developed less severe OA compared to WT 

controls, as measured by decreased articular cartilage structure (ACS) scores, less 

synovitis, and reduced OA changes in the subchondral bone.  Young adult Mif-/- mice or 

WT mice treated with the MIF neutralizing antibody were not protected from OA in the 

DMM model.  Young Mif-/- mice displayed increased bone density compared to WT 

mice, but these differences were not maintained with age and therefore likely did not 

influence the development of age-related OA.  In order to investigate the mechanism of 

MIF in joint tissues, chondrocytes, meniscal cells, and synovial fibroblasts were treated 

with exogenous MIF, but there was no measurable effect on signaling pathway activation 

or matrix-metalloproteinase (MMP) production.  

 

These results demonstrate that MIF promotes age-related OA, potentially through 

increased synovitis, but is not involved in the pathogenesis of injury-induced OA, 

indicating a differential mechanism in the development of age-related OA compared to 

injury-induced OA.  Thus, inhibition of MIF activity may represent an effective therapy 

in the treatment of age-related OA. 
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CHAPTER ONE 

INTRODUCTION 

 

Osteoarthritis  

Osteoarthritis (OA) is the most common cause of disability in adults, affecting more than 

27 million adults in the US (1) and resulting in an economic burden of over $60 billion 

per year in healthcare costs (2). While the specific trigger for OA has not yet been 

identified, the most common risk factors are age, obesity, previous joint injury, and a 

genetic predisposition (3-7). The most commonly affected joints are the hand, hips, and 

knees, but it can affect any joint in the body (1, 8, 9).  There is no cure for the disease, but 

there are therapeutic treatments that can alleviate the symptoms.  These treatments 

include non-steroidal anti-inflammatory drugs (NSAIDs), diet, exercise, and partial or 

total joint replacement surgery.  Of these treatment options, the non-pharmacologic 

therapies of diet and exercise have been shown to be very effective at reducing pain 

associated with OA (10).  None of the available treatments are able to slow or stop the 

progression of OA, so it is imperative to better understand the mechanism of OA 

pathogenesis in order to develop new disease-modifying treatments.  

 

OA is not simply a wear-and-tear process within the joint – it is a process that involves 

the active degradation of joint tissues.  Historically, it was thought that cartilage was the 

primary tissue involved in the disease process; however, recent shifts in dogma have 

come to view the joint as an organ as opposed to isolated tissues (11). OA research has 
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expanded to investigate the roles of the meniscus (12, 13), ligaments (14-16), 

subchondral bone (17, 18), and the synovium (19-21).  

 

Joint injury and OA 

Joint injury is a key risk factor for the development of OA.  Common joint injuries that 

have been shown to contribute to the development of OA include anterior cruciate 

ligament (ACL) tear, meniscal tear, and articular cartilage injury (6, 7, 22).  These joint 

injuries often lead to an acute up-regulation of inflammatory mediators in the joint, but 

there are also biomechanical effects which impact joint contact stresses or joint stability 

(23, 24).  The primary role of the meniscus is to absorb shock in the knee and distribute 

the load evenly across the surface of the articular cartilage (24).  When the meniscus 

sustains a significant injury or is surgically removed or the ACL is torn, the joint is 

destabilized, leading to damage of the articular cartilage and surrounding tissues (25-27).  

These biomechanical effects are exploited in some animal models of injury-induced OA, 

such as the destabilization of the medial meniscus (DMM) and the anterior cruciate 

ligament transection (ACLT) models (28).  While the specific mechanisms causing 

injury-induced OA are unknown, these biomechanical and inflammatory factors 

contribute to its development. 

 

Cartilage biology 

The chondrocyte is the single cell type in cartilage. As such, chondrocytes are responsible 

for both catabolic and anabolic roles within the tissue (11, 29).  In normal, healthy 

cartilage, chondrocytes maintain homeostasis by breaking down the extracellular matrix 
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(ECM) through production of matrix metalloproteases (MMPs) and aggrecanases, as well 

as synthesizing new matrix.  In normal cartilage there is very little matrix turnover and 

the chondrocytes are mostly quiescent.  As OA develops, the chondrocytes become 

activated and the activity of the catabolic pathways increases and overwhelms the activity 

of the anabolic pathways, contributing to the net degradation of the articular cartilage (5, 

30). 

 

The ECM is essential to the function of articular cartilage (31-33). The ECM is composed 

of matrix proteins, such as proteoglycans (PG), fibronectin (FN), and collagen (33, 34). 

Aggrecan, the most abundant PG in cartilage (35, 36), forms an extensive network by 

binding to the polysaccharaide hyaluronan through link proteins (37, 38).  These 

proteoglycan aggregates interact with each other and the collagen network, which 

conveys stiffness to the tissue (38).  The ECM components are strongly hydrophilic, 

allowing for water retention and hydration which is essential to cartilage. 

 

Matrix breakdown in OA 

As the homeostatic balance of catabolic and anabolic activities in chondrocytes shifts 

more heavily in favor of the catabolic side, chondrocytes increase production of MMPs 

and aggrecanases and become more resistant to anabolic growth factors, such as insulin-

like growth factor-1 (IGF-1). The matrix-degrading enzymes target specific moieties 

contained within cartilage matrix proteins (39).  MMP-13 is a key enzyme involved in 

matrix breakdown during OA because it cleaves collagen II, one of the most abundant 

matrix proteins in cartilage (40-42).  Other matrix-degrading enzymes critically involved 
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in OA are a disintegrin and metalloproteinase with thrombospondin motifs-5 (ADAMTS-

5), MMP-1, and MMP-3.  Recent work has shown that inhibition of ADAMTS-5 by a 

neutralizing antibody reduces the severity of injury-induced OA in an animal model (43).  

In the meniscus, both MMP-1 and MMP-3 protein levels are elevated in OA meniscal 

cells compared to normal meniscal cells, and their expression is stimulated in normal 

meniscal cells by treatment with the inflammatory cytokines IL-1β and IL-6 (12). 

 

The matrix fragments released by the enzymatic activity of the MMPs and aggrecanases 

then bind to receptors on chondrocytes to activate inflammatory pathways in 

chondrocytes.  For example, as fibronectin is degraded, fragments of fibronectin (FN-f) 

are released into the matrix and synovial fluid (44, 45).  These fragments activate positive 

feedback loops by binding integrin receptors on chondrocytes to signal through multiple 

components of inflammatory pathways, such as Rac1 (46) and Src activation (47), 

leading to the continued up-regulation of matrix-degrading enzymes, especially MMP-13, 

and therefore further breakdown of the ECM.  Additionally, the inflammatory signaling 

pathway activation increases production of inflammatory cytokines, such as IL-8, IL-6, 

and IL-7 from chondrocytes and other joint tissue cells (48-50).  These cytokines are 

released into the matrix and synovial fluid, where they can diffuse into the bloodstream 

and recruit inflammatory cells to the synovium, resulting in inflammation in the 

synovium, or synovitis (19, 20, 51-53). 
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Aging and OA 

While aging does not cause OA, it is a primary risk factor for the development of the 

disease.  The articular cartilage layer thins with age (54, 55), and the number of 

chondrocytes in the tissue decreases (56, 57).  The biomechanical properties of cartilage 

also change with age as the tissue stiffness increases and it becomes more brittle (58, 59). 

 

Oxidative stress in cartilage increases with age and OA.  Nitrotyrosine staining, a marker 

of oxidative damage, is elevated with aging and OA in both mouse (60) and human (61) 

cartilage.  This increase in oxidative stress is correlated with increased MMP-13 and loss 

of cartilage matrix proteoglycans and collagens (60).  Age-related alterations in the 

cellular anti-oxidant systems are likely involved in this increase in oxidative stress, as 

aged human chondrocytes exhibit dysregulation of the glutathione exchange system 

resulting in accumulation of excess oxidized glutathione relative to reduced glutathione 

(62).   

 

Aging changes are also evident in chondrocytes themselves as they are less responsive to 

growth factors and more sensitive to catabolic factors.  Chondrocytes isolated from aged 

human cartilage are more resistant to treatment with IGF-1 and osteogenic protein-1 (OP-

1), as evidenced by the age-related decrease in proteoglycan synthesis stimulated by IGF-

1, OP-1, and the combination of IGF-1 and OP-1 in human chondrocytes (63).  A similar 

trend was observed in non-human primate chondrocytes, where IGF-1 stimulated 

proteoglycan synthesis, measured by sulfate incorporation, and collagen synthesis, 

measured by proline incorporation, declined with age (64).  Chondrocytes isolated from 
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aged mice are more resistant to transforming growth factor-β (TGF-β), potentially due to 

decreased expression of TGF-β receptors and downstream Smad phosphorylation (65). 

Bone morphogenetic protein-6 (BMP-6) is another growth factor to which chondrocytes 

become more resistant with age, as BMP-6 stimulated proteoglycan synthesis decreases 

in both normal and OA human chondrocytes with age (66).  Aged chondrocytes are also 

more susceptible to stimulation by the catabolic signals.  When stimulated with the 

catabolic mediators IL-1β or FN-f, human chondrocytes isolated from aged donors 

release higher levels of MMP-13 than chondrocytes from younger donors (67).   

  

Pro-inflammatory cytokines in OA 

Several key intracellular signaling pathways have been implicated in the development of 

OA. In chondrocytes, IGF-1 stimulation of the phosphatidylinositol-3 (PI-3) kinase-Akt 

pathway results in increased collagen II and proteoglycan synthesis (68); however, the 

same pathway is also activated by the combination of the inflammatory cytokines IL-1β 

and oncostatin M (OSM) (69).  Activation of the PI-3K Akt pathway by these 

inflammatory cytokines contributes to increased production of MMP-13 (70).  In addition 

to this stimulus-dependent role of the PI-3 kinase Akt pathway, the mitogen-activated 

protein kinase (MAPK) pathways, the Janus kinases/signal transducers and activators of 

transcription (JAK/STAT) pathway, and the Wnt pathway are also differentially activated 

in OA compared to normal chondrocytes. 

 

The pro-inflammatory cytokine IL-6 primarily activates the JAK/STAT pathway (71) and 

has been shown to be elevated in the synovial fluid and serum of OA patients (10, 72).  
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Stimulation of chondrocyte monolayer cultures with IL-6 or OSM, an IL-6 family 

member, results in increased production of MMP-13 (73).  In signaling experiments, 

OSM activates both the JAK/STAT pathway, as evidenced by STAT3 phosphorylation, 

as well as the ERK MAP kinase pathway (73). 

 

Inflammation resulting from joint injury is one source of inflammatory mediators in OA.  

Joint injuries in the ligaments, meniscus, and cartilage result in an acute release of 

inflammatory mediators into the synovial fluid and serum.  Inflammatory cytokines IL-

1β, IL-6, IL-8, and tumor necrosis factor-α (TNF-α) were elevated in synovial fluid 

within one day of ACL injury (74).  Correspondingly, the anti-inflammatory molecules 

IL-10 and IL-1 receptor antagonist (IL-1Ra) were also elevated soon after injury. 

 

Additional members of the interleukin family of cytokines, including IL-15 and IL-17, 

have been implicated in OA.  High serum levels of IL-15 correspond with progression of 

OA (75), and high elevated levels of IL-15 have been observed in synovial fluid sample 

of patients with early OA (76).  More recently, the expression of IL-15 was noted to 

correlate with the expression of MMP-7 in both serum and articular cartilage tissue 

samples from normal and OA patients (77).  IL-17 has been shown to increase production 

of IL-8 and growth regulated oncogene-α (GRO-α) from human synovial fibroblasts and 

OA chondrocytes (78) and to increase expression of MMP-13 via the FosB component of 

the activator protein-1 (AP-1) transcription factor in OA chondrocytes (79).  Inhibition of 

IL-17 activity by aptamer inhibition of the IL-17 receptor reduced synovial hypertrophy 

in a mouse meniscectomy model of OA by blocking synovial expression of IL-6 (80). 
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Macrophage Migration Inhibitory Factor 

Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine that has 

been shown to be elevated in OA serum and synovial fluid (81, 82).  An aging study 

recently implicated MIF in the aging process (83), where mice with Mif deletion were 

found to live longer than controls on either ad libitum or calorie restricted diets.  This 

connection between MIF and aging coupled with the connection between aging and OA 

lead us to investigate the role of MIF in OA. 

 

MIF was originally identified in the 1960s as a protein product of T cells that inhibited 

the random migration of macrophages in culture and was therefore thought to play a 

central role in the regulation of the immune system (84). Since its initial discovery, MIF 

has been shown to be elevated in many disease states, specifically in the serum of patients 

with systemic lupus erythematosus (SLE) (85), rheumatoid arthritis (RA) (86), and type 

II diabetes (87).  MIF has also been shown to promote cell proliferation and tumors 

progression in adenocarcinomas (88), bladder cancer (89), and intestinal cancers (90), 

among others.  MIF has also been shown to function as a chemokine necessary for 

immune cell recruitment in glomerulonephritis (91) and macrophage recruitment to 

atherosclerotic plaques (92). 

 

MIF is a 12kDa protein that has been shown to trimerize in cells (93-95).  The pre-

formed protein is stored in unstimulated cells and is then released when cells are 
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stimulated with inflammatory mediators such as interferon-γ (IFN-γ), tumor necrosis 

factor-α (TNF-α), and lipopolysaccharide (LPS) (96).  Not only is MIF expression and 

production stimulated by inflammatory mediators, but MIF also stimulates the production 

of inflammatory mediators such as TNF-α (97, 98), IL-2 (99), and IL-8 (98) which 

perpetuates the inflammatory loop.   

 

MIF contains two enzymatically active sites – a tautomerase site and an oxidoreductase 

site.  The tautomerase site catalyzes the conversion of D-dopachrome to L-dopachrome 

methyl ester (100, 101); however, a physiologic role for the tautomerase site has not yet 

been identified.  The oxidoreductase site catalyzes the reduction of oxidized proteins 

(102, 103).  This oxidoreductase activity is the same mechanism the proteins of the 

peroxiredoxin (PRX) family use to reduce oxidized proteins (104, 105). MIF has been 

shown to bind to PRX1, and when bound, the oxidoreductase activities of both MIF and 

PRX1 are inhibited (102). 

 

A large body of literature describes the signaling pathways activated by the binding of 

MIF to its surface receptors.  Cluster of differentiation 74 (CD74), an extracellular 

fragment of the major histocompatibility class II (MHC II) invariant chain, was the first 

surface protein identified that binds to MIF (106). However, CD74 does not contain an 

intracellular kinase domain, so the MIF-CD74 interaction is not sufficient to activate 

downstream signaling pathways.  CD44, the hyaluronan receptor, was also shown to 

complex with MIF-CD74 (107, 108).  Since CD44 does have an active intracellular 

domain, this heterotrimeric complex of MIF, CD74, and CD44 is capable of activating 
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downstream signaling.  MIF has also been shown to bind to the C-X-C chemokine 

receptors CXCR2 and CXCR4 (109).  While the presence of CD74 enhances MIF-

CXCR2 and MIF-CXCR4 signaling, CD74 is not essential in these complexes (109). 

 

When circulating MIF binds to the CD74-CD44 receptor complex, Src is activated, 

resulting in phosphorylation of the MAP kinase ERK (107).  In vitro, MIF-stimulated 

ERK phosphorylation has been demonstrated in RA synovial fibroblasts (110), murine 

embryonic fibroblasts (MEFs) (107), and rat osteoblasts (111).  Treatment with 

recombinant MIF also results in increased expression and release of MMP-1 and MMP-3 

in both RA and OA synovial fibroblasts, although the increased MMP production was 

muted in OA compared to RA cells (112).  Recombinant MIF treatment also stimulates 

MMP-9 and MMP-13 production in primary rat osteoblasts (111).  In RA fibroblast-like 

synoviocytes, MIF increases phospholipase A2 (PLA2) and cyclooxygenase-2 (COX-2) 

activity, further contributing to the inflammatory state in RA tissue (113).   

 

The role of MIF in bone has also been investigated, although there is some controversy 

over the effect of MIF on osteoclastogenesis.  MIF has been shown to inhibit 

osteoclastogenesis in vitro by blocking the ability of receptor activator of nuclear factor 

kappa-B ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) to form 

multi-nucleated cells in bone marrow cultures (114).  As measured by microCT, the 

trabecular bone of the Mif-/- mice in this study was less dense than that of the WT 

controls, leading the authors to conclude that the effect of MIF on osteoclastogenesis in 

vivo is complex and may be related to the levels of RANKL (114).  More recently, MIF 
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was shown to inhibit osteoclastogenesis in bone marrow-derived macrophages by 

activation of the Src family kinase, Lyn (115).  However, in an inflammatory RA model, 

MIF was required for bone erosion and synovitis as well as osteoclast formation (116). 

 

MIF has been investigated as a therapeutic target in multiple disease models.   Inhibition 

of MIF by (S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester 

(ISO-1), a small molecule chemical antagonist, has been shown to reduce 

glomerulonephritis in mouse models of SLE (117).  ISO-1 treatment of mice in a model 

of Type II diabetes reduced blood glucose levels, kidney macrophage activation, and 

diabetic nephropathy (118).  MIF inhibition by neutralizing antibody treatment reduced 

macrophage content in atherosclerotic plaques in atherosclerosis-prone mice fed either a 

normal diet or a high fat diet (109, 119).   Furthermore, in a study of the role of MIF in 

adipose tissue inflammation, MIF was found to induce migration of peripheral blood 

mononuclear cells towards regions of inflammation, an effect that was partially inhibited 

by treatment with the MIF neutralizing antibody (120).  These examples illustrate the 

potential for MIF inhibition either by small molecule inhibitor or neutralizing antibody to 

be an effect therapeutic treatment in OA. 

 

Objective 

A large body of evidence demonstrates that aging is a key risk factor for the development 

of OA (9, 56, 73, 121), and the results from an aging study showed that mice with Mif 

deletion exhibited increased longevity over their WT controls (83).  Additional published 

studies have indicated that MIF is elevated in OA serum and synovial fluid (81, 82).  Due 
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to the connection between aging and OA and between aging and MIF, we wanted to 

investigate the role of MIF in OA.  The goal of these studies was to determine the role of 

MIF in the development of OA, with the overall hypothesis that MIF would promote OA 

through activation of inflammatory pathways in joint tissues.  The aims of the project 

were to identify the signaling pathways activated by MIF in joint tissues and to determine 

if the deletion of Mif affects the severity of OA in a mouse model.  The results of the 

studies presented here will help to elucidate the function of MIF in the pathogenesis of 

OA and to determine whether MIF is a viable therapeutic target for the treatment of OA.  

This work may also be used to further elucidate differences in the mechanisms of the 

development of naturally occurring age-related OA and injury-induced OA. 
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Abstract 

Objective: Macrophage migration inhibitory factor (MIF) is a pro-inflammatory 

cytokine that is elevated in the serum and synovial fluid of osteoarthritic (OA) patients.  

In this study, the potential role of MIF in OA was studied using human joint tissues and 

in vivo in mice with age-related and surgically induced OA. 

Methods: MIF in conditioned media from human chondrocytes and meniscal cells 

was measured by ELISA.  Severity of OA was analyzed histologically in male wild-type 

and Mif-/- mice at 12- and 22- months of age and following destabilization of the medial 

meniscus (DMM) surgery in 12-week old Mif-/- mice and in wild type mice treated with 

a neutralizing MIF antibody.  Synovial hyperplasia was graded in S100A8 

immunostained histologic sections.  Bone morphometric parameters were measured by 

microCT analysis. 

Results: Human OA chondrocytes secreted 3-fold higher levels of MIF than 

normal chondrocytes, while normal and OA meniscal cells produced equivalent amounts.  

Compared to age- and strain-matched controls, the cartilage, bone, and synovium in older 

adult mice with Mif deletion were protected from changes of naturally occurring age-

related OA. No protection from DMM-induced OA was seen in young adult Mif-/- mice 

or in wild type mice treated with anti-MIF.  Increased bone density in 8 week-old mice 

with Mif deletion was not maintained at 12-months. 

Conclusions: These results demonstrate a differential mechanism in the 

pathogenesis of naturally occurring age-related OA compared to injury-induced OA.  The 

inhibition of MIF may represent a novel therapeutic target in the reduction of age-related 

OA.  
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Aging has been well-described as a key risk factor for the development of 

osteoarthritis (OA) (1, 2).  While aging does not directly cause OA, aging changes in 

joint tissues and possibly circulating factors that change with age increase the 

susceptibility for the development of the disease.  Aging changes are reflected in the 

cartilage matrix including thinning of the articular cartilage (3, 4) and the accumulation 

of advanced glycation end products (AGE) which alters the biomechanical properties of 

the joint (5, 6).  Aging changes are also evident in chondrocytes, where chondrocytes 

isolated from aged tissue are more resistant to stimulation with the growth factors insulin-

like growth factor 1 (IGF-1) (7-9), transforming growth factor-β (TGF-β) (10), and bone 

morphogenetic protein-6 (BMP-6) (11) than chondrocytes isolated from younger tissue.  

Inflammatory mediators have been found to be up-regulated in aged joint tissues 

including IL-7 in chondrocytes (12) and synovial fluid (13) in humans and IL-33, 

CXCL13, CCL8, and CCL5 in the mouse knee joint (14).  The increased expression of 

these inflammatory mediators, which is compounded by aging changes in the tissues, 

may contribute to the development of OA. 

Macrophage migration inhibitory factor (MIF) is an inflammatory cytokine that 

has been studied for its role in the immune system.  MIF has been shown to function as a 

cytokine that signals through the CD74 receptor (15) to increase neutrophil migration to 

regions of inflammation and to promote the innate immune response (16-18).  

Additionally, MIF promotes macrophage activation, increasing phagocytosis and 

destruction of pathogens (17, 19). MIF has been studied in autoimmune diseases 

including rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE).  MIF has 

been shown to promote MMP-1 and MMP-3 production in synovial fibroblasts isolated 
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from the knee joints of RA patients (20) and also has been shown to be significantly 

elevated in RA synovial fluid (21).  In a more recent study, inhibition of MIF function 

either by deletion of Mif, or its receptor, Cd74, was found to reduce the severity of 

disease in an RA model by reducing both inflammation and bone erosion (22).  In SLE, 

the amount of MIF in serum is positively correlated with tissue damage (23), and the 

renal expression of MIF was shown to be significantly elevated in an SLE-prone mouse 

model (24).  The level of MIF was noted to be elevated in the serum and synovial fluid of 

patients with knee OA compared to healthy controls (21, 25).  However, the potential 

contribution of MIF to the development of OA has not been previously studied.  

Recently, Mif-/- 129Sv/C57Bl/6 mice were reported to have an increased lifespan 

when compared to WT controls, suggesting a role for MIF in the aging process (26), 

although more recent data (Miller, unpublished) suggest that this beneficial effect may be 

absent on other genetic backgrounds. Given the association between aging and OA, we 

sought to determine the contribution of MIF to the development of OA.  We found that 

genetic disruption of Mif decreased the severity of naturally-occurring OA in aged mice 

but not in a surgically-induced model of OA in younger adult mice. 

 

MATERIALS & METHODS 

Chondrocyte and Meniscal cell isolation and culture.  Normal human donor 

tissue (both knee and ankle joints) was obtained from the Gift of Hope Organ and Tissue 

Donor Network (Elmhurst IL) through the Rush University Medical Center in Chicago, 

IL.  Osteoarthritic tissue was obtained as surgical waste from total knee replacement 

surgeries performed in the Department of Orthopaedic Surgery at Wake Forest Baptist 
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Health.  The use of human tissue was approved by the Institutional Review Boards at 

Rush University, Wake Forest Baptist Health, and the University of North Carolina at 

Chapel Hill.  All human donor tissue was de-identified before receipt, and the cartilage 

and meniscus were processed separately.  The cartilage was dissected away from the 

subchondral bone in small flakes and rinsed in serum-free DMEM-F12 media (Gibco 

Life Technologies) to prevent the tissue from drying out.  After the excess fat and 

ligamentous tissue were removed, the meniscus was dissected into small pieces to enable 

more efficient digestion. Cells were isolated separately from cartilage and meniscus using 

pronase and collagenase digestion as previously described (27).  The cells were cultured 

in 10% serum DMEM-F12 media until confluent.  Cultures were serum-starved overnight 

before media collection.   

Experimental animals.  The mice used for these studies were housed and 

maintained according to the IACUC guidelines at the respective institutions where each 

study was performed (The University of Michigan, Wake Forest School of Medicine, and 

The University of North Carolina at Chapel Hill).  Knee joints from Mif-/- and wild-type 

(WT) mice for the aging experiment were from a previously reported study (26). For the 

surgically-induced OA studies, the Mif-/- colony was bred on the SV129/C57Bl/6 mixed 

background.  The colony was maintained by heterozygous breeding, so the Mif-/- and 

WT mice used in these studies were age- and strain-matched littermates.  The C57Bl/6 

mice used in the neutralizing antibody study were purchased directly from Jackson Labs.   

ELISA.  MIF content in serum-free conditioned media was quantified by solid-

phase ELISA (R&D Systems) according to the manufacturer’s protocol.  Due to the high 

level of MIF in the media, the media samples were diluted 1:25 in the assay.   
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MIF immunostaining.  Human normal and OA cartilage sections were a kind 

gift from Martin Lotz (Scripps Research Institute, La Jolla, CA).  Human cartilage 

sections and mid-coronal sections from 12-month old wild type and Mif-/- mouse knee 

joints were immunostained with anti-MIF (Life Technologies).  Sections were de-

paraffinized and rehydrated in serial ethanol washes followed by antigen retrieval in 

citrate buffer.  Sections were first blocked with 3% H2O2 (Fisher Scientific) and then with 

Protein Block (Dako).  The primary antibody was diluted in antibody diluent (Dako) and 

incubated on the sections overnight at 4°C.  The following day, the sections were 

incubated with HRP-linked secondary antibody (Dako) and developed with the DAB 

chromagen (Dako).  The sections were counterstained in Mayer’s Hematoxylin (Sigma) 

and then dehydrated in serial ethanol washes. 

DMM procedure.  The destabilization of the medial meniscus (DMM) procedure 

was performed in 12-week old male Mif-/- and WT mice as described previously (14). 

This procedure induces OA by transecting the medial meniscotibial ligament (MMTL). 

For the sham surgery, the joint was opened and visualized, but the MMTL was not cut.  

After the surgical procedure, the mice were monitored closely for signs of apparent pain 

or adverse effects of the procedure.  The mice were maintained in normal housing 

conditions and allowed to exercise through normal activities.  The mice were euthanized 

10 weeks post-surgery, and the hind-limbs were collected in 10% formalin (Fisher 

Scientific) for histological analysis. 

In the anti-MIF study, a neutralizing murine anti-MIF IgG1 (clone NIHIIID.9) 

and isotype control antibody were purified from ascites fluid using Protein A/G spin 

columns (Thermo Scientific).  Following isolation, the antibodies were dialyzed 
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overnight in DBPS (Lonza) and then filter-concentrated by centrifugation (Millipore).  

The antibody concentration was measured by the BCA assay (Thermo Scientific).  After 

DMM or sham control surgery, mice were allowed to recover for five days before 

antibody treatment began.  The antibodies were administered by IP injection for the 

duration of the study at a dose (20 mg/kg twice per week) previously shown to neutralize 

MIF in vivo (28).  The mice were euthanized 10 weeks after surgery, and the legs were 

collected in formalin for histological analysis.  Because repeated handling and injections 

can cause pain or other adverse effects which would be reflected with a decrease in food 

intake, the body weight of each mouse was monitored throughout the course of the study.  

All mice gained weight consistently over the course of the study, and there was no 

difference in the average body weights of each group at any time point during the study 

(data not shown).   

Histology processing and OA grading.  The formalin-fixed hind-limbs were 

transferred to 70% ethanol, and the excess tissue was trimmed.  The samples were 

decalcified in 19% EDTA (Fisher Scientific), and the intact joints were embedded in 

paraffin.  The joints were sectioned along the coronal plane at 4μm.  Mid-coronal 

sections were stained with hematoxylin and eosin (H&E) and scored using the articular 

cartilage structure (ACS) score developed by McNulty et al (29).  This system scored the 

integrity of the articular cartilage on a scale of 0-12, where 0 represents normal healthy 

cartilage and 12 represents full-thickness loss of the articular cartilage across more than 

two-thirds of the surface scored.  Additional joint measurements were made using the 

OsteoMeasure histomorphometry system (OsteoMetrics) as described (29).  The 

additional parameters measured were: articular cartilage area, articular cartilage 
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thickness, subchondral bone area, subchondral bone thickness, number of viable 

chondrocytes, area of chondrocyte necrosis, and calcified cartilage area.   

Synovial assessment.  Coronal sections were immunostained with anti-S100A8 

(kindly provided by Johannes Roth) which has been used as a method to detect synovitis 

with synovial hyperplasia in mouse joints with OA (30).  Immunohistochemistry was 

performed as above except that proteinase K was used for antigen retrieval.  Synovial 

hyperplasia was graded on a scale of 0-3 as follows:  0 = 1-3 cell layers in synovium, 1 = 

4-6 cell layers, 2 = 7-9 cell layers, and 3 = 10 or more cell layers. The medial and lateral 

compartments of the joint were scored separately, and the sum of the two scores is 

presented. 

MicroCT analysis.  The knee joints from 8-week old (n=3 each Mif-/- and WT) 

and 12-month old (n=4 Mif-/- and n=5 WT) male mice were scanned with 10 µm 

resolution by microCT (µct80; Scanco Medical AG, Brüttisellen, Switzerland) as 

previously described (31).  Bone morphometric parameters were measured in the 

trabecular bone of the proximal metaphysis of the tibia using Scanco software (Scanco 

Medical AG, Brüttisellen, Switzerland).  Histomorphometric trabecular bone parameters 

analyzed were:  bone volume density, connectivity density, tissue mineral density, 

trabecular number, trabecular separation, trabecular thickness, and volumetric bone 

mineral density. 

Statistical Analysis.  All statistical analyses were performed using GraphPad 

Prism 6 with one exception: OA histomorphometry measurements were analyzed using 

SPSS, as noted.  Data are presented graphically as individual data points with horizontal 

lines representing the mean of each group.  The variance of the data is described in the 
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figure legends as mean±SEM.  MIF ELISA samples were collected from monolayer 

cultures of cells from unique human tissue donors (n=9-12 donors/group) and analyzed 

by unpaired t-test within each tissue type.  OA severity (ACS scores) was analyzed from 

individual mice (n=13-16 mice/group) by nonparametric one-way ANOVA followed by 

Dunn’s multiple comparisons test.  Histomorphometric measurements were analyzed by 

heteroscedastic t-test.  Synovial hyperplasia was evaluated in a subset of mice from the 

22-month old groups (n=9 Mif-/-, n=11 WT) and analyzed by Mann-Whitney test.  Bone 

parameters were measured in individual mice (n=3-5 mice/group) and analyzed by two-

way ANOVA followed by Tukey’s multiple comparisons post-hoc test. 

 

RESULTS 

Human OA chondrocytes secrete higher levels of MIF than normal 

chondrocytes.  Due to previously published results showing that MIF is present in higher 

levels in OA synovial fluid than in normal synovial fluid (21, 25), the amount of MIF 

secreted by joint tissue cells was measured to determine which tissues could be a source 

of MIF within the joint.  Conditioned media samples were collected from unstimulated 

monolayer cultures of chondrocytes and meniscal cells, and the MIF protein level in the 

media was measured by ELISA (Fig. 1A).  Chondrocytes isolated from OA cartilage 

secreted an average of 88.76±13.14ng/mL of MIF over 16 hours, which was significantly 

higher (p=0.0005) than that produced by chondrocytes from normal cartilage, which 

secreted an average of 28.23±7.78ng/mL of MIF.  Cells from OA meniscus secreted an 

average of 47.62±11.73ng/mL of MIF, which was not significantly different from cells 

isolated from normal meniscus (31.65±5.54ng/mL).  MIF in conditioned media from OA  
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Figure 1. MIF levels in conditioned media from normal and OA chondrocyte and 

meniscal cell cultures and in normal and OA cartilage sections. A. Serum-free medium 

was collected after 16 hours of culture from unstimulated confluent monolayers of 

normal and OA chondrocytes and meniscal cells. MIF protein in media was measured by 

human MIF ELISA. Horizontal lines on the graph represent average MIF level for each 

tissue type; individual data points are shown. Normal chondrocytes: n=12 donors; OA 

chondrocytes: n=9 donors; normal meniscus: n=8 donors; OA meniscus: n=9 donors. 

Statistical significance was evaluated by unpaired t-test within tissue types. 

Immunohistochemistry results for MIF in sections of (B) human normal knee cartilage 

and (C) human OA knee cartilage. 
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synovial fibroblasts was not detectable (data not shown).  MIF levels in human cartilage 

were visualized by immunostaining.  MIF was localized to chondrocytes in sections from 

both normal (Fig. 1B) and OA donors (Fig. 1C) without significant differences in 

immunopositivity suggesting that the differences noted in cultured cells were due to 

differences in MIF release into the media.   

Mif deletion in mice reduces the severity of naturally occurring OA with age.  

In order to determine if MIF contributes to the development of OA in vivo, the stifle 

joints from 12- and 22-month old male Mif-/- and WT mice were analyzed for OA 

severity.  Gross analysis of hematoxylin and eosin (H&E) sections revealed characteristic 

OA changes in the joints of the WT mice at both ages.  These sections revealed 

degradation and loss of the articular cartilage, thickening of the subchondral bone, and 

osteophyte formation (Fig. 2A). In contrast, the joints of the Mif-/- mice displayed more 

healthy appearing articular cartilage, normal thickness of the subchondral bone, and no 

osteophyte formation.  Anti-MIF immunostaining in a WT section showed MIF 

expression in the meniscus and the articular cartilage (Fig. 2A).  As expected, there was a 

lack of staining for MIF in the sections from Mif-/- mice.  

OA severity in the 12- and 22-month old Mif-/- and WT mice, graded using the 

articular cartilage structure (ACS) score, revealed significantly higher ACS scores in the 

WT relative to the Mif-/- mice at both 12 and 22 months of age (Fig. 2B).  The joints of 

the 12- and 22-month old Mif-/- and WT mice were further analyzed using 

histomorphometric analysis (Table 1).  In both age groups, the Mif-/- mice maintained 

significantly greater articular cartilage area and thickness and more viable chondrocytes 

than the WT mice.  Subchondral bone changes were also evident between the genotypes.   
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Figure 2. Mice with Mif deletion are protected from age-related OA. A. Representative 

histologic images of knee joint sections in 12-month old Mif-/- and WT mice. (i) WT 

mouse, medial tibial plateau (MTP) articular cartilage structure (ACS) score 11. 

Degradation and loss of articular cartilage (arrow), osteophyte formation (arrowhead), 

and thickening of subchondral bone (bracket). (H&E) (ii) Mif-/- mouse, ACS score 3. 

Normal subchondral bone thickness (bracket). (H&E) (iii) WT mouse section 

immunostained for MIF. Intracellular MIF is present in meniscus (arrow) and articular 

cartilage (arrowhead). (iv) Mif-/- mouse. Lack of MIF immunopositivity in meniscus 

(arrow) and cartilage (arrowhead). B. Articular cartilage structure scores in Mif-/- and 

WT mice. The medial tibial plateau of mid-coronal stifle sections was scored using the 

articular cartilage structure (ACS) score. 12-month old WT: 5.92±1.34 (mean±SEM), 

n=13; 12-month old Mif-/-: 0.62±1.31, n=13; 22-month old WT: 6.21±1.34, n=14; 22-

month old Mif-/-: 1.00±0.24, n=16. Horizontal lines on graph represent the mean of each 

group.  Significant differences were determined by nonparametric one-way ANOVA 

followed by Dunn’s multiple comparisons test. 
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Table 1. Histomorphometric analysis of aged mice with Mif deletion and wild type 

controls. 

 12-month old 22-month old 

Parameter 
Mif-/- 

Mean (SD) 

WT     

Mean (SD) 
p-value 

Mif-/- 

Mean (SD) 

WT     

Mean (SD) 
p-value 

Art Cart Area 

(mm
2
) 

0.064 

(0.011) 

0.041 

(0.016) 
0.0003 

0.064 

(0.008) 

0.029 

(0.018) 
<0.0001 

Art Cart 

Thickness 

(mm) 

0.072 

(0.013) 

0.043 

(0.017) 
<0.0001 

0.078 

(0.009) 

0.037 

(0.019) 
<0.0001 

Subchondral 

Bone Area 

(mm
2
) 

0.080 

(0.016) 

0.157 

(0.069) 
0.0018 

0.070 

(0.025) 

0.103 

(0.038) 
0.0087 

Subchondral 

Bone 

Thickness 

(mm) 

0.059 

(0.011) 

0.104 

(0.046) 
0.0038 

0.070 

(0.023) 

0.100 

(0.037) 
0.0127 

Number of  

Viable 

Chondrocytes 

138.38 

(16.15) 

75.38 

(40.44) 
<0.0001 

115.50 

(21.98) 

64.14 

(45.24) 
0.0011 

Area of 

chondrocyte 

necrosis 

(mm
2
) 

0.008 

(0.006) 

0.006 

(0.004) 
NS 

0.008 

(0.011) 

0.007 

(0.008) 
0.859 

Calcified 

cartilage area 

(mm
2
) 

0.063 

(0.012) 

0.063 

(0.010) 
NS 

0.049 

(0.005) 

0.053 

(0.019) 
0.368 

Histomorphometry measurements of cartilage (Cart) and bone parameters in the medial 

tibial compartment of mid-coronal stifle sections were analyzed using the Osteomeasure 

Histomorphometry Program (OsteoMetrics®). 12-month old WT: n=13; 12-month old 

Mif-/-: n=13; 22-month old WT: n=14; 22-month old Mif-/-: n=16.  Significance 

differences determined by heteroscedastic t-test. 
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The subchondral bone area and thickness were significantly greater in WT than in Mif-/- 

mice.  The only two parameters which were not significantly different between Mif-/- and 

WT were the area of chondrocyte necrosis and the calcified cartilage area. 

Synovitis with synovial hyperplasia is another characteristic of OA.  S100A8 is an 

alarmin protein that is produced by synovial cells as well as activated macrophages and 

has been shown to correlate with synovitis (30, 32).  Here, immunohistochemistry was 

performed using anti-S100A8 to stain coronal sections from 12-month old WT (Fig. 3A) 

and Mif-/- (Fig. 3B) mice. In both genotypes, immunopositivity was evident throughout 

the joint – in the articular cartilage, the meniscus, and the synovium.  Specifically in the 

WT joints, S100A8 immunopositivity staining was strong in both the cells and matrix of 

the synovium. As shown in Fig. 3A, S100A8 staining correlated with areas of synovial 

hyperplasia and thickening of the synovial lining.  In contrast, the S100A8 synovial 

immunostaining results in the Mif-/- mice revealed minimal synovial hyperplasia.  Based 

on the described synovial scoring system, the WT mice exhibited more severe synovial 

hyperplasia than the Mif-/- mice (Fig. 3C). 

Early bone differences in mice with Mif deletion are not maintained with age.  

Because of conflicting reports of bone density differences in Mif-/- mice compared to WT 

mice (33, 34) and the possibility that bone density differences could influence the 

development of OA (35), we measured trabecular bone parameters by µCT scans of the 

proximal metaphysis of the tibia from 8-week old and 12-month old male Mif-/- and WT 

mice.  The 8-week old male Mif-/- mice had significantly greater bone volume density, 

connectivity density, tissue mineral density, and volumetric bone mineral density than the 

age-matched WT mice.  These differences were not maintained with age, as there were  
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Figure 3. Synovial hyperplasia is less severe in 22-month old mice with Mif deletion. 

Immunohistochemistry results for S100A8 in (A) WT mouse, ACS score 11, and (B) Mif-

/- mouse, ACS score 0. Arrows indicate regions of strong synovial S100A8 

immunopositivity and synovial hyperplasia. Representative histologic images are shown. 

M=meniscus. C. Synovial hyperplasia scores of the medial and lateral compartments 

were summed from WT (n=11) and Mif-/- (n=9) mice.  Horizontal lines on graph 

represent the mean of each group.  Significant difference was determined by Mann-

Whitney test. 
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Figure 4. µCT analysis of 8-week old and 12-month old male mice with Mif deletion and 

wild type controls. Bone density parameters of the proximal metaphysis of the tibia were 

analyzed using Scanco software in 8-week old WT (n=3) and Mif-/- (n=3) and in 12-

month old WT (n=4) and Mif-/- (n=5) mice.  A. Bone volume density. (BV/TV=bone 

volume/trabecular volume) B. Connectivity density.  C. Tissue mineral density. 

(HA=hydroxyapatite)  D. Trabecular number.  E. Trabecular separation.  F. Trabecular 

thickness.  G. Volumetric bone mineral density.  Horizontal lines on graphs represent the 

mean of each group.  Significant differences were determined by two-way ANOVA 

followed by Tukey’s multiple comparisons post-hoc test. 
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no significant differences in any bone parameters between 12-month old male Mif-/- and 

WT mice.  Bone density parameters were also measured in female mice of the same ages, 

but there were no differences in these parameters between Mif-/- and WT mice in either 

age group (data not shown). 

Mif deletion or treatment with a MIF neutralizing antibody does not reduce 

the severity of surgically-induced OA in young adult mice.  We next wanted to 

determine if MIF was required for the development of surgically-induced OA in young 

adult mice.  Here, we used the destabilization of the medial meniscus (DMM) surgical 

model to induce OA in 12-week old male Mif-/- and WT mice and evaluated the severity 

of cartilage lesions 10 weeks after surgery.  Compared to the sham operated controls, 

both the WT and Mif-/- mice developed significant cartilage lesions; however, in contrast 

to the data on natural age-related OA, there was no difference in severity between the two 

groups (Fig. 5A).   

 We also determined if inhibition of MIF systemically, using a neutralizing 

antibody, would alter the severity of surgically-induced OA. 12-week old male C57Bl/6 

mice underwent the DMM procedure and were then treated for ten weeks with either a 

MIF neutralizing antibody or an IgG control antibody.  The dose of anti-MIF used here 

was sufficient to inhibit MIF activity in a previous study (28). OA severity was analyzed 

ten weeks after surgery (Fig. 5B).  Due to limitations in the amount of MIF antibody 

available, and our previous data indicating that a sham control group did not develop OA 

changes, the contralateral legs were scored as the control group in this study.  The DMM 

limbs of the control IgG-treated group and the anti-MIF-treated group developed   
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Figure 5. Inhibition of MIF activity either by gene deletion or by neutralizing antibody 

does not protect young adult mice from injury-induced OA. A. Twelve-week old Mif-/- or 

WT mice received either the DMM or sham procedure.  OA severity was analyzed 10 

weeks after surgery by the ACS score.  Mif-/- DMM: 4.71±1.23 (mean±SEM), n=14; 

Mif-/- sham: 0.56±0.26, n=16; WT DMM: 4.69±1.14, n=16; WT sham: 0.0±0.0, n=13. B. 

Twelve-week old WT mice received the DMM procedure and were treated for 10 weeks 

with either the MIF neutralizing antibody (Anti-MIF) or IgG control antibody. The 

contralateral limb was used as the un-operated control.  OA severity was analyzed 10 

weeks after surgery by the ACS score.  Anti-MIF DMM: 5.00±0.97, n=15; Anti-MIF 

contralateral control: 0.87±0.27, n=15; IgG DMM: 5.21±1.14, n=14; IgG contralateral 

control: 0.36±0.133, n=14. Horizontal lines on the graph represent the mean of each 

group.  Significant differences were determined by nonparametric one-way ANOVA 

followed by Dunn’s multiple comparisons test. 
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significantly more severe OA than the contralateral limbs, and there was no difference in 

OA severity between the two treatment groups. 

 

DISCUSSION 

Although OA is characterized by common pathologic changes within affected 

joints, the pathways that lead to OA can vary depending on the inciting factors. Here, we 

demonstrate that deletion of the pro-inflammatory cytokine MIF protects mice from 

developing naturally occurring age-related OA but not from developing injury-induced 

OA. These findings are in stark contrast to previous studies on mice with deletion of the 

pro-inflammatory cytokine IL-6 where age-related OA was more severe in the IL-6 

knockouts (36) while they were protected from injury-induced OA using the same DMM 

model used in our MIF study (37). Other studies have also shown different effects when 

age-related and injury-induced OA were evaluated in mice with specific gene deletions 

including Mmp3 which, similar to our results, had less age-related OA but no effects on 

OA severity in an injury model (reviewed in (38)). These studies emphasize the need to 

consider more than one model of OA when determining the role of a particular factor and 

indicate that the successful treatment of age-related OA and post-traumatic OA may 

require different targets.    

The aged Mif knockouts not only exhibited less articular cartilage damage 

compared to age-matched wild types but also less synovial hyperplasia and fewer OA 

bone changes. Synovial inflammation is evident in over 60% of clinical cases of OA as 

measured by MRI (39).   Synovial inflammation is a key source of pain in OA due to 

macrophage infiltration and increased vascularization and innervation of the synovium 
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(40).  We used the alarmin S100A8 as a marker of synovial changes due to its strong 

correlation with synovial hyperplasia and synovitis as well as its association with 

macrophage infiltration in the synovium (30, 32).  However, while there is a clear 

correlation between the Mif genotype, synovial hyperplasia, and OA severity, it is 

difficult to determine if lack of MIF resulted in less synovial involvement and this 

contributed to cartilage protection or if less cartilage damage in the Mif-/- mice resulted 

in less synovial hyperplasia.  The DMM model effectively induces OA changes in the 

cartilage and bone, but minimal synovitis is observed in this model (41) suggesting that 

the differential effect of Mif knockout on age-related OA and DMM-induced OA may be 

due to a differential role of the synovium. This would be consistent with studies that have 

shown that MIF contributes to synovitis in models of inflammatory arthritis (42).  As 

MIF is constitutively expressed in the joint, it is possible that it exerts an age-related 

deleterious action on joint homeostasis but is not important in the acute setting of joint 

injury when the expression of other inflammatory mediators prevail.  

 The finding that the ACS scores in the wildtype mice did not change significantly 

between 12- and 22-months was unexpected. Since this was a cross-sectional study it is 

not possible to determine if this was due to a lack of progression of the cartilage changes 

or just a chance occurrence in two different sets of mice. However, we did note that many 

of the histomorphometry parameters, including articular cartilage area and thickness, 

number of viable chondrocytes and the subchondral bone area were lower in the 22-

month old wild-type mice.  These aging changes in the mice are similar to aging changes 

in human articular cartilage where there is a thinning of the articular cartilage (4) and a 

decrease in the number of viable chondrocytes (43).   
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There is some controversy over the role of MIF in bone.  Studies have shown that 

MIF inhibits osteoclastogenesis through activation of the tyrosine kinase Lyn (44), and 

that Mif-/- mice have significantly less bone volume than WT mice (34).  Alternatively, 

MIF has been shown to be necessary for osteoclastogenesis in a mouse model of 

rheumatoid arthritis and Mif-/- mice were protected from development of bone erosions 

in this model (22).  Because increased bone density has been shown to be a potential risk 

factor for incident OA while increased bone turnover may promote progression (45, 46), 

we examined bone density in young and older adult Mif-/- mice.  We found that the 

trabecular bone of young Mif-/- mice was denser than WT mice, but these early bone 

differences were not maintained with age. Therefore, it is unlikely that these early bone 

density differences were responsible for the reduced OA severity seen in the older adult 

Mif-/- mice.   

It is not clear from the present study if Mif deletion had a direct effect on the 

articular chondrocytes that could explain less severe age-related OA.  

Immunohistochemistry results revealed that chondrocytes, as well as meniscal cells, were 

immunopositive for MIF and released MIF into the media when cultured. Similar 

intracellular staining and release has been seen with other cell types such as macrophages 

(19) and RA synovial fibroblasts (21). Chondrocytes, but not meniscal cells, from OA 

joints secreted more MIF than cells from normal joints. However, we could not detect an 

effect of extracellular MIF on joint tissue cells. We performed a series of in vitro studies 

using recombinant MIF in doses up to 1 µg/mL and could not detect an increase in ERK, 

p38 or JNK MAP kinase activation or increase in MMP production in cultures of human 

chondrocytes, meniscal cells, or synovial fibroblasts (unpublished results). 



45 

  

These in vitro results with joint tissue cells are contrary to published studies with 

other cell types that reported recombinant MIF-stimulated phosphorylation of the ERK 

MAP kinase in Raji cells (a B cell line) (15) and in primary rat osteoblasts (47).  

Additional published studies show recombinant MIF-stimulated production of MMP-1 

and MMP-3 production in synovial fibroblasts isolated from OA and RA patients (20) as 

well as MMP-9 and MMP-13 production in primary rat osteoblasts (47).  However, those 

studies required doses of MIF up to 10 g/mL to detect a response that far exceeds the 

amount of MIF measured in synovial fluid, which ranges from 3 to 19 ng/mL (21, 25), or 

the amount of MIF we measured in conditioned media from confluent chondrocyte and 

meniscal cell monolayers, which ranged from 1 to 140 ng/ml. We examined chondrocytes 

for the presence of CD74, which is the primary receptor for MIF, but could not detect 

significant levels on the cell surface by flow cytometry (unpublished results). These 

findings suggest that chondrocytes produce and secrete MIF but that it does not have an 

autocrine effect on cartilage. MIF may instead promote OA by promoting macrophage 

infiltration into the joint, which would explain the reduced synovial hyperplasia observed 

in the mice with MIF deleted.  MIF also has been described to exert intracellular 

functions by intracytoplasmic interaction with the COP9 signalosome that influences cell 

cycle progression (48).  Accordingly, the distinction we observed between the effects Mif 

deletion versus immunoneutralization may be accounted for by a strictly intracellular role 

for MIF in chondrocytes. 

Taken together, the results presented here indicate that the lack of MIF has a 

strong protective effect on naturally occurring age-related OA.  As the percentage of 

adults over the age of 65 continues to increase, the prevalence of aging-related diseases, 
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including OA, is also increasing (49).  MIF is encoded in a functionally polymorphic 

locus that occurs commonly in the population (50), and our data prompt investigation into 

the potential role of variant MIF alleles in OA incidence or progression.  Therapies that 

are able to stop or slow the progression of diseases of aging are necessary in order to 

improve the quality of life and to extend the healthy lifespan of the aging population.  

Like OA, atherosclerosis is a common disease of aging and inhibition of MIF has been 

found to reduce atherosclerosis in a mouse model of the disease (51) suggesting that MIF 

may represent a therapeutic target for more than one age-related disease. 
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Summary 

It is well accepted that aging is an important contributing factor to the development of 

osteoarthritis (OA). The mechanisms responsible appear to be multifactorial and may 

include an age-related pro-inflammatory state that has been termed “inflamm-aging.” 

Age-related inflammation can be both systemic and local. Systemic inflammation can be 

promoted by aging changes in adipose tissue that result in increased production of 

cytokines such as interleukin (IL)-6 and TNFα. Numerous studies have shown an age-

related increase in blood levels of IL-6 that has been associated with decreased physical 

function and frailty. Importantly, higher levels of IL-6 have been associated with an 

increased risk of knee OA progression. However, knockout of IL-6 in male mice resulted 

in worse age-related OA rather than less OA. Joint tissue cells, including chondrocytes 

and meniscal cells, as well as the neighboring infrapatellar fat in the knee joint, can be a 

local source of inflammatory mediators that increase with age and contribute to OA. An 

increased production of pro-inflammatory mediators that include cytokines and 

chemokines, as well as matrix degrading enzymes important in joint tissue destruction, 

can be the result of cell senescence and the development of the senescence-associated 

secretory phenotype. Further studies are needed to better understand the basis for 

inflamm-aging and its role in OA with the hope that this work will lead to new 

interventions targeting inflammation to reduce not only joint tissue destruction but also 

pain and disability in older adults with OA.    

 

Keywords:  osteoarthritis, chondrocyte, cartilage, senescence, cytokines, growth factors 
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Introduction 

 Aging is one of the most prominent risk factors for osteoarthritis (OA). Numerous 

studies have documented an increase in radiographic and symptomatic hand, hip, spine, 

and knee OA with increasing age (reviewed in1). Due to its prevalence, OA is a major 

cause of pain and disability in older adults2. Given the recent and dramatic increase in the 

older adult population in developed countries, the discovery of interventions that target 

the aging aspects of OA would have significant public health impact. This will require a 

better mechanistic understanding of how aging contributes to the development of OA, 

including the role of age-related inflammation.  

 Lopez-Otin et al3 have recently proposed nine candidate hallmarks of aging that 

include genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, 

deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell 

exhaustion, and altered intercellular communication. Several of these processes 

contribute to the aging phenotype by promoting a low-grade pro-inflammatory state that 

will be discussed further below. The emergence of evidence to support a role for low-

grade chronic inflammation in aging and age-related conditions suggests that 

inflammation could be an important link between aging and OA. 

  In this review, we will discuss various mechanisms by which an age-related pro-

inflammatory state may contribute to the development of OA. OA is a clearly not just 

aging of the joints but rather is a multifactorial condition with a number of risk factors 

including joint injury, obesity, abnormal mechanics, genetics, gender, and so on. We 

would postulate that factors related to aging that promote both a systemic and a local pro-

inflammatory state do not directly cause OA but rather serve as contributing factors to the 
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development and progression of the disease as well as to increased pain and reduced 

physical function (Fig.1).   

 

Aging and Systemic Inflammation  

 Studies demonstrating an increase with age in blood levels of C-reactive protein 

(CRP), interleukin (IL)-6, and tumor necrosis factor-α (TNF-α) have been interpreted as 

evidence that age-related, chronic, systemic, low-grade inflammation contributes to the 

development of chronic diseases of aging, including dementia and cardiovascular 

disease4-7. The strongest association of these inflammatory markers with age-related 

disease, as well as with a decline in physical function, has been seen with IL-68. 

Epidemiologic studies have also shown a link between systemic markers of 

inflammation, including IL-6, and OA. Elevated levels of CRP and IL-6 were found in 

people with OA of the knee and levels of these pro-inflammatory markers were related to 

risk of progression9, 10. Likewise, a study of a cohort of 90-year-olds found an association 

between the absence of knee OA and lower production of IL-6 when whole-blood 

samples were stimulated with lipopolysaccharide11.  

 Levels of systemic markers of inflammation have been shown to correlate with 

pain and function in older adults with knee OA. Stannus et al12 noted an increase in 

serum TNF-α and high sensitivity(hs)-CRP corresponding to increased knee pain over a 

five year study, and Penninx et al13 reported that high levels of the soluble receptors for 

TNF-α correlated with decreased physical ability in older adults with knee OA.  Although 

higher levels of TNF-α soluble receptors may seem to represent an increase in anti-

inflammatory activity, previous studies have suggested they are a more stable marker of 
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increased TNF-α activity than measures of TNF-α in serum which can be quite labile. 

Thus systemic inflammation in older adults with OA may not only be a factor associated 

with progression of OA but also with pain and physical function.  

 Franceschi et al14 coined the term “inflamm-aging” to describe the pro-

inflammatory state that occurs with increasing age. Inflamm-aging was originally 

proposed to be the result of an accumulation over time of an increased “antigenic load” 

and the combined effects from various stressors on the immune system that resulted in 

immunosenescence. The macrophage was proposed to play a central role as a pro-

inflammatory mediator in this process. In addition to immunosenescence, subsequent 

work has tied inflamm-aging to age-related endocrine, metabolic, and nutritional changes 

that also promote a pro-inflammatory state. These include an increase in fat mass that can 

be a source of pro-inflammatory mediators, increasing levels of reactive oxygen species 

that promote metabolic changes as well as increased activity of inflammatory mediators, 

and changes in levels of specific micro-RNAs that are involved in the regulation of the 

NFκB family of pro-inflammatory mediators15-17.  

 Inflamm-aging appears to be much more complex than just an age-related 

increase in production of pro-inflammatory mediators. Morrisette-Thomas et al18 

examined levels of 19 inflammatory markers from an ongoing longitudinal study of older 

adults in Italy called the InCHIANTI study. They reported a significant age-related 

increase in pro-inflammatory markers, including hsCRP, IL-6, IL-15, IL-18 and 

macrophage inflammatory protein-1b (MIP-1b) while the anti-inflammatory cytokine IL-

10 was found to decrease as age increased. However, they also noted an increase with age 

in several anti-inflammatory markers including IL-1 receptor antagonist (IL-1RA), 
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soluble glycoprotein 130 (prevents IL-6 from binding to its membrane receptor), and 

soluble TNF receptors I and II (sTNFRI and sTNFRII).  

 In order to determine which of the inflammatory markers explained the most 

variance in the data and to examine the relationship of these groups of markers to age and 

chronic diseases they used principal components analysis (PCA). Two groups of 

inflammatory markers explained 19% and 10% of the total variance among all the 

markers. The first group (PCA1) included sTNF-R1, sTNF-RII, IL-6, TNF-α, hsCRP, IL-

18, and IL1-RA and increased levels showed a strong correlation with age (r=0.56, 

p<0.0001). This group was also predictive of mortality and correlated with a number of 

chronic disease states. The second group (PCA2), which contained markers associated 

with innate immune system activation (MCP, IL-8 and IL-12), was weakly correlated 

with age (r=0.08, p=0.053) but was more strongly associated with chronic diseases that 

included arthritis. Unexpectedly, they found that higher levels of the markers in the 

second group were actually protective against chronic diseases, including arthritis which 

had an odds ratio of 0.74 (95%CI, 0.58-0.93) per unit change for the scores in PCA2. The 

authors suggested that an age-related increase in inflammation may stimulate production 

of anti-inflammatory factors and the balance of these factors in a given individual will 

determine their susceptibility to age-related diseases. Of potential relevance, male mice 

with a deletion of the IL-6 gene were found to have more severe age-related OA 

compared to age-matched wild-type controls rather than less severe OA as might be 

expected19. Clearly more work needs to be done in order to better understand the 

relationship between biomarkers of inflammation and age-related disease with the 
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understanding that the balance of both pro-inflammatory and anti-inflammatory 

mediators is important to consider. 

  

Aging and the Senescence-associated Secretory Phenotype 

 One of the mechanisms by which aging promotes chronic inflammation that could 

be important in OA is through cell senescence. Cell senescence was originally used to 

describe the state of growth arrest that occurred after extensive proliferation of fibroblasts 

induced by multiple passages in culture20. This form of replicative senescence has been 

thought to serve as a mechanism to prevent unlimited proliferation of cells that would 

lead to cancer. Various markers have been used to identify senescent cells, including 

senescence-associated β-galactosidase (SA-β-gal), increased expression of the cyclin-

dependent kinase inhibitor p16INK4a, and formation of senescence-associated 

heterochromatin (reviewed in21). Cell senescence is not just a phenomenon observed with 

cultured cells but rather senescent cells have been shown to accumulate in various tissues 

with aging21.  

 There is surprisingly little in situ data to show that articular chondrocytes senesce 

in normal articular cartilage while there is evidence for senescence in OA cartilage. Price 

et al22 compared normal cartilage from older adults with hip fractures to OA cartilage 

removed during arthroplasty and found SA-β-gal staining only in the OA samples. In 

contrast, Martin and Buckwalter23 did find evidence of SA-β-gal and decreased telomere 

length with age in cultured chondrocytes from normal joints. Others have also shown 

evidence of cell senescence in OA cartilage including a reduction in telomere length and 

increased DNA damage24, 25 as well as an increase in p16INK4a26.  Chondrocytes do not 
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normally proliferate in the articular cartilage of adults27 making it unlikely that 

chondrocyte senescence would be the result of multiple cycles of cell proliferation. 

However, cell proliferation is not a requirement for cell senescence which can also occur 

after repetitive stress to tissues and cells28. This mechanism would be very relevant to the 

chronic repetitive loading experienced by joint tissues and the excessive loading 

associated with the development of OA which may explain why evidence of chondrocyte 

senescence has been detected in OA tissue.    

 In addition to growth arrest, senescent cells exhibit a number of other features that 

include secretion of pro-inflammatory cytokines, chemokines, growth factors, and matrix 

metalloproteinases (MMPs) which has been referred to as the senescence-associated 

secretory phenotype (SASP)29, 30. The SASP could promote age-related pathologies, such 

as osteoarthritis, by increasing local levels of pro-inflammatory mediators and matrix 

degrading enzymes. Freund et al31 composed a list of 83 SASP factors that had been 

reported in the literature in studies examining various inducers of cell senescence. The 

factors were divided by the level of increase from high (>4 fold) to intermediate (2-4 

fold) to small (<2 fold). Interestingly, all of the SASP factors produced at high levels by 

senescent cells have been found in OA tissues and/or synovial fluid. These include GM-

CSF, GROα,β,γ, IGFBP-7, IL-1α, IL-6, IL-7, IL-8, MCP-1, MCP-2, MIP1α, MMP-1, 

MMP-10, and MMP-332-38. Many of the SASP factors present at intermediate levels, such 

as ICAM-1, IL-1β, MCP-4, MIF, MMP-13, oncostatin M, RANTES, and TIMP-2 have 

also been recognized as potential mediators in OA32, 35, 39-41.  

 Several recent studies have used a proteomics approach to describe the secreted 

proteins or “secretome” produced by either chondrocytes or cartilage explants from 
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human OA joints42-44 or from canine and equine cartilage explants stimulated with IL-

1β45, 46. Some of the proteins identified in one or more of these studies are also on the list 

of SASP proteins including GROα, IGFBP-7, IL-8, MMP-1, MMP-2, MMP-3, MMP-14, 

IGFBP-2, IGFBP-3, IGFBP-4, IGFBP-5, IGFBP-6, TIMP-1 and TIMP-2. Although these 

14 proteins only suggest a partial overlap of the chondrocyte secretome with the list of 83 

SASP factors noted above, it should be noted that untargeted proteomics analysis tends to 

find the more abundant proteins in samples and would be less sensitive in detecting many 

of the SASP factors such as cytokines, chemokines and growth factors. Further studies 

are needed using more sensitive assays such as ELISAs or multiplex cytokine analysis to 

determine the degree of overlap between the factors produced by OA chondrocytes and 

those considered to be representative of the SASP.   

 The mechanisms responsible for cell senescence and in particular for the SASP 

are still being elucidated but appear to include DNA damage and activation of the p38 

MAP kinase47. Another consistent finding has been expression of p16INK4a that 

activates the pRB tumor suppressor and promotes formation of senescence-associated 

heterochromatin foci which function to silence genes regulating cell proliferation28. 

Deletion of cells expressing p16INK4a in mice was found to prevent the development of 

age-related changes in tissues that included muscle, adipose tissue, and the eye48. As 

detailed above, chondrocytes in OA have been found to have evidence of DNA damage 

that could promote the development of a senescent phenotype24 and have been shown to 

have increased expression of p16INK4a26. Knockdown of p16INK4a in cultured OA 

chondrocytes restored matrix gene expression26. Studies of the role of p16INK4a in 

promoting the SASP in chondrocytes are warranted and would increase the understanding 
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of the mechanisms by which chondrocyte senescence contributes to a pro-inflammatory 

state in cartilage.        

 

Obesity, Adiposity, and Inflammaging 

Obesity is a risk factor for OA due to the combined effects of abnormal joint 

loading and increased production of adipokines and other inflammatory mediators from 

fat depots throughout the body49, 50.  As people age, there is a decrease in muscle mass 

and increase in fat mass51 which could contribute both to mechanical stress from 

abnormal joint loading and to an increase in inflammatory mediators produced by the 

increased fat mass. Age-related inflammation in adipose tissue has been attributed to 

senescence of pre-adipocytes resulting in adipocytes exhibiting the SASP, as well as from 

an influx of activated macrophages due to the release of cytokines and chemokines from 

stressed pre-adipocytes52.   

The contribution of fat to systemic levels of pro-inflammatory mediators and 

adipokines was investigated by Messier et al 53 in the IDEA trial where overweight and 

obese older adults with symptomatic knee OA were randomly assigned to one of three 

intervention groups:  intensive diet-induced weight loss and exercise, intensive diet-

induced weight loss alone, or exercise alone.  At the conclusion of the 18-month study, 

there were more significant decreases in circulating IL-6 levels and in total fat mass in 

participants assigned to the diet+exercise and diet groups than the exercise group.  

Regardless of intervention group, study participants who lost at least 10% of their body 

weight saw a greater reduction in knee compressive force, circulating IL-6, and pain than 

those who did not achieve the 10% weight loss goal.  The connection between a decrease 
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in fat mass and a corresponding decrease in circulating IL-6 support the role of obesity-

related systemic inflammation in osteoarthritis.   

Additional studies from the same group have shown that in overweight and obese 

older adults, the combination of diet-induced weight loss and physical activity reduced 

circulating leptin and IL-6 more than physical activity alone54, and that adiposity is the 

primary factor that explains poor physical performance in older adults with metabolic 

syndrome55.  While the latter study did not focus on OA, the studies to date do provide 

supporting evidence for an effect of systemic inflammation caused by obesity in older 

adults.  

In addition to a role in promoting systemic inflammation, fat tissue can also have 

local effects. The infrapatellar fat pad is a potential local source of adipokines and 

inflammatory mediators within the knee joint.  Distel et al56 showed in a group of obese 

women with knee OA that the infrapatellar fat pad is a source of adipokines (adiponectin 

and leptin) as well as inflammatory mediators (IL-6 and sIL-6R).  Relative to aging, 

Chuckpaiwong et al57 described a correlation between volume of the infrapatellar fat pad 

and the age of OA subjects where the size of the infrapatellar fat pad increased over the 

course of a 12 month study.  Another group found that treatment of human articular 

chondrocytes with recombinant leptin or white adipose tissue (WAT) conditioned media 

containing leptin increased expression and activation of MMPs and stimulated collagen 

release from explant cultures58.  The WAT samples were isolated from the infrapatellar 

fat pad of human OA knee joints suggesting that leptin and other factors produced by the 

infrapatellar fat pad may contribute to cartilage degradation in knee OA. 
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Age-related Changes in Inflammatory Mediators in Joint Tissues 

 In addition to aging fat, joint tissues including the cartilage and meniscus can be a 

source of pro-inflammatory mediators. In an animal study comparing gene expression in 

joint tissues from 12-week old mice and 12-month old mice undergoing either the 

destabilization of the medial meniscus (DMM) or sham surgery, Loeser et al59 described 

493 genes that were differentially regulated between the young and old DMM groups, 

and 861 genes that were differentially expressed between young and old sham groups.  

Of note from the group of genes showing age-related differences, expression of IL-33 and 

three chemokines, CXCL13, CCL8, and CCL5, were significantly up-regulated in the old 

sham group compared to the young sham group. 

 Interleukin 7 (IL-7) is another cytokine that is up-regulated with age.  Long et al34 

found that human articular chondrocytes in monolayer culture from older donors release 

higher levels of IL-7 than young donors, and that OA chondrocytes release higher levels 

of IL-7 than age-matched normal donors.  Chondrocytes respond to IL-7 treatment by 

increased levels of MMP-13 and increased proteoglycan release from cartilage explants.  

Rubenhagen et al60 also noted an age-related increase in IL-7 in synovial fluid samples 

from a cohort of 82 patients with varying degrees of OA. Likewise, there is evidence for 

an increase in production of IL-1β by cultured chondrocytes from older tissue donors61. 

In contrast, Peffers et al62 found a decrease in the RNA levels of IL-1β as well as IL-8 

when comparing metacarpalphalangeal cartilage from young and old horses. 

 Recent studies have shown that the meniscus may be a source of inflammatory 

mediators in the joint. However, Brophy et al63 reported that the pro-inflammatory 

cytokine IL-1β and the matrix-degrading enzymes ADAMTS-5, MMP-1, MMP-9, and 
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MMP-13 were more highly expressed in meniscal tissue isolated from young subjects 

(<40 years old) than from older subjects (>40).  These changes may be due to an early 

inflammatory response promoting repair in young subjects while a low-grade chronic 

inflammatory response inhibits repair in older subjects. Whether similar soft-tissue 

structures such as ligaments in the knee also have increased production of inflammatory 

mediators with age would be of interest to investigate as would age-related changes in 

synovial tissue and the joint capsule.   
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Figure 1. Potential age-related changes that increase systemic and local inflammation 

and promote the development of osteoarthritis. Systemic levels of multiple pro-

inflammatory mediators, in particular IL-6 and TNF-α, increase with age due to 

production by adipose tissue which becomes more inflammatory with age and due to a 

chronic low grade pro-inflammatory state that has been termed “inflamm-aging”. Local 

changes within the joint have been associated with increased production of inflammatory 

mediators as has cell senescence through development of the senescence-associated 

secretory phenotype. 
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Conclusions  

 There is epidemiologic as well as biologic evidence to suggest a link between 

age-related inflammation or “inflamm-aging” and the development of OA. The sources of 

age-related pro-inflammatory mediators that might contribute to OA include both 

peripheral sources, such as adipose tissue that increases with age, as well as local 

production within joint tissues. Although cell senescence and the development of the 

senescence-associated secretory phenotype serves as an attractive mechanism linking 

aging, inflammation, and OA, there is insufficient evidence that this occurs with normal 

aging in joint tissues. Excessive mechanical loading of the joint that is severe enough to 

lead to OA may result in stress-induced senescence and increased production of pro-

inflammatory mediators but whether this phenotype occurs in normal aged joints that 

have not experienced excessive loading is less clear.  

 Given that OA is a chronic disease that becomes more prevalent with age, it is 

difficult to separate effects of age from disease, particularly in studies of human tissues. It 

seems unlikely that any single pro-inflammatory mediator plays a key role in linking 

aging and OA. At least in male mice, deletion of IL-6, the cytokine that has been perhaps 

most closely related to aging, resulted in more severe rather than less severe OA19. Future 

studies will need to examine the balance of multiple pro-inflammatory and anti-

inflammatory factors in order to better understand mechanisms by which this balance is 

disrupted in aging. Targeting these mechanisms and restoring a proper balance may help 

to slow or stop the progression of age-related chronic conditions including OA.         
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CHAPTER FOUR 

DISCUSSION 

As the primary cause of disability in older adults, osteoarthritis is one of the key diseases 

affecting the quality of life of the aging population (1-4).  Our results presented here 

indicate that aged mice with Mif deletion are protected from naturally occurring age-

related OA.  Multiple OA characteristics were reduced in Mif-/- mice compared to WT 

mice, including degradation of the articular cartilage and thickening of the subchondral 

bone.  The severity of synovitis, as measured by S100A8 production and synovial 

hyperplasia, was decreased in Mif-/- mice compared to WT mice.  Due to the known role 

of MIF in macrophage activation (5) and the association between synovial expression of 

the alarmin S100A8 and activated macrophages in OA synovitis (6-8), these results 

indicate a potential role for MIF in the synovium during the development of age-related 

OA.   

 

We also showed that while the trabecular bone of Mif-/- mice is denser than that of WT 

mice at 8 weeks of age, these early differences in bone density are likely not responsible 

for the protective role of Mif deletion in age-related OA since they are not maintained 

with age.  We demonstrated that young adult mice are not protected from injury-induced 

OA in the DMM model, which has been shown to exhibit a low level of synovitis (8), 

either when Mif is deleted or MIF activity is inhibited by a neutralizing antibody.  

Additionally, chondrocytes, meniscal cells, and synovial fibroblasts in monolayer culture 

or cartilage explants do not respond to recombinant MIF treatment measured by MAP 

kinase activation or by increased MMP production.  Taken together, we conclude that Mif 
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deletion is protective in age-related OA but not in injury-induced OA, but the mechanism 

by which MIF promotes age-related OA is still unknown.   

 

Surface expression of the MIF receptors, CD74, CXCR2, CXCR4, and CD44, is 

necessary in order for exogenous MIF to elicit a cellular response.  MIF can signal 

through complexes of CD74-CD44, CD74-CXCR2, or CD74-CXCR4 or directly through 

CXCR2 or CXCR4 (9-11).  CD44 binds hyaluronan and is essential for normal 

chondrocyte function (12).  Deletion of Cxcr2 has been shown to exacerbate OA changes 

in the DMM model (13), and chemical inhibition of CXCR4 activity has been shown to 

prevent articular cartilage damage in the DMM model (14).  However, the role of CD74 

in the joint had not been previously studied.  Others have shown that Raji cells, a B cell 

line, express CD74, and that recombinant MIF treatment of these cells, results in ERK 

phosphorylation (15).  Although our extensive in vitro experiments in cultured 

chondrocytes, meniscal cells, and synovial fibroblasts did not reveal any measurable 

effect of recombinant MIF treatment in those cells, we also were not able to detect 

surface expression of CD74 in chondrocytes.  We also confirmed that this lack of effect 

of recombinant MIF on chondrocytes was not due to the digestion of the tissue by 

showing that treatment of cartilage explants with recombinant MIF did not increase the 

proteoglycans released from the tissue.  Therefore, we conclude that extracellular MIF 

does not activate signaling pathways or increase production of matrix-degrading enzymes 

in chondrocytes possibly because the lack of surface CD74 prevents these cytokine 

activities of MIF. 
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One limitation of these studies is that we were not able to determine if an intracellular 

role of MIF is involved in the pathogenesis of age-related OA.  Intracellular MIF has 

been shown to interact with c-Jun activation domain-binding protein-1 (Jab1), a 

component of the constitutive photomorphogenesis 9 (COP9) signalsome, to inhibit its 

activity (16).  However, we have thus far been unable to immunoprecipitate either Jab1 or 

MIF in chondrocytes to determine if this function is relevant in OA.  Jab1 and MIF 

constructs containing expression tags (ie, HA, His, or Myc) could be co-expressed in 

chondrocytes.  These expression tags would improve our ability to immunoprecipitate 

these proteins to identify whether or not they interact in chondrocytes. 

 

Another intracellular function of MIF that we have not yet fully investigated is its role in 

oxidative stress.  In other studies, we have shown that oxidative stress is increased in OA 

chondrocytes and that reactive oxygen species (ROS) affect chondrocyte signaling 

pathways (17, 18).  In addition to its tautomerase active site, MIF also contains an 

oxidoreductase site similar to that of the peroxiredoxin (PRX) family which function by 

detoxifying ROS in cells (19). MIF has been shown to interact directly with PRX1, an 

interaction which inhibits the oxidoreductase activity of both proteins.  Additionally, 

PRX1 has been shown to reduce ROS levels and MIF activity in a model of acute lung 

injury (20).  Taken together, these studies suggest a role for MIF in oxidative stress 

pathways of OA.  

 

Our preliminary studies of the role of MIF in oxidative stress have revealed that while the 

over-expression of MIF in human chondrocytes accelerated menadione-induced cell 
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death, there was no effect on menadione-induced p38 phosphorylation.  Menadione was 

used to induce cellular oxidative stress in chondrocytes due to published work 

demonstrating its ability to induce high levels of oxidative stress in other cell types, such 

as pancreatic acinar cells (21). Since MIF is stored pre-formed in reservoirs within cells, 

it is possible that the intracellular levels of MIF in human chondrocytes are sufficient to 

facilitate menadione-induced signaling.  Additional experiments have shown a variable 

response to menadione-induced p38 phosphorylation in femoral cap cartilage explants 

isolated from Mif-/- compared to WT mice.  Additional time course experiments treating 

femoral cap explants with menadione would help to identify a consistent trend in the 

effect of menadione-induced signaling in these explants.  

 

Because of the connection between oxidative stress, OA, and MIF, it would also be 

important to determine if MIF affects the ability of reactive oxygen species (ROS) such 

as menadione or H2O2 to generate oxidative stress in cells.  Intracellular levels of H2O2 

can be quantified using the PremoTM Cellular hydrogen peroxide sensor Orp-1-roGFP 

(Life Technologies) (22). The Orp-1-roGFP sensor is contained within a baculovirus 

construct which must be transduced when cells are in suspension prior to plating. The 

Orp-1-roGFP sensor can be used in human chondrocytes by comparing the effect of 

oxidants on cells expressing Orp-1-roGFP with or without pre-treatment with the MIF 

inhibitor ISO-1.  MIF knock-down by siRNA or shRNA would not be effective in 

chondrocytes because pre-formed MIF is stored in reservoirs within cells.  The cells 

would need to be passaged in order to achieve sufficient knock-down; however, 

chondrocytes lose their phenotype with passaging, so if the cells were passaged to 
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achieve knock-down of MIF, they would no longer be characterized as chondrocytes.  

Alternatively, the Orp-1-roGFP sensor could also be utilized in cells from Mif-/- and WT 

mice.  Femoral cap explants from multiple mice can be pooled, digested in collagenase, 

and the cells plated in monolayer.  The Orp-1-roGFP sensor could then be expressed in 

these murine chondrocytes to more effectively investigate the role of MIF in redox 

signaling. 

 

To build on these proposed in vitro studies, additional animal models could be utilized to 

investigate the mechanism by which MIF promotes OA. The DMM model used here is an 

effective surgical model to induce OA changes in the knee joint; however, this model 

does not cause significant levels of synovitis (8).  Because our results indicate that aged 

Mif-/- mice are protected from age-related OA and accompanying synovial hyperplasia, it 

would be beneficial to use a more inflammatory model of injury-induced OA in Mif-/- 

mice.  The collagenase-induced OA (CIOA) model has been shown to induce OA 

changes in addition to more severe synovitis than the DMM model (8).  MMP production 

by synovial macrophages was also shown to be necessary in the CIOA model (23).  Due 

to the high degree of synovitis and the involvement of synovial macrophages, it would be 

valuable to compare the severity of OA induced by the DMM model to the severity of 

OA induced by the CIOA model in young adult mice with Mif deleted.  These results 

would further elucidate whether synovitis is the driving factor in age-related OA or if 

there is an alternative aging-related pathway that the lack of MIF inhibits. 
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In order to identify the source of the MIF that promotes age-related OA, tissue-specific 

animal models can be utilized.  Two candidate cell populations that may be the source of 

MIF driving OA are the chondrocytes in the articular cartilage and the immune cells in 

the bone marrow.  A cartilage-specific deletion of Mif could be generated by crossing 

floxed Mif mice (24) with mice expressing the Cre recombinase under control of the 

aggrecan promoter (25) and inducing gene recombination by tamoxifen treatment.  This 

tissue specific model would delete Mif in the articular cartilage and the inner zone of the 

meniscus (25).  The severity of OA in aged mice with tissue specific Mif deletion would 

determine if the MIF that promotes naturally occurring age-related OA is produced by the 

cartilage and inner zone of the meniscus. 

 

The monocytes in the bone marrow represent another cell population and source of MIF 

that may be involved in the development of age-related OA.  Bone marrow from WT 

mice containing monocytes that express MIF could be transfused into age-matched Mif-/- 

mice.  The recipient Mif-/- mice would need to be irradiated prior to the bone marrow 

transplant in order for the transplant to be successful (26).  If these transfused Mif-/- mice 

develop age-related OA similar to native WT mice, then these results would identify bone 

marrow-derived monocytes as the source of MIF driving OA.   

 

A number of factors would need to be considered to translate these mouse and cell 

culture studies to human clinical studies.  Multiple risk factors, including age, obesity, 

joint injury, and a genetic predisposition, contribute to the development of OA in humans 

(4, 27).  Therefore, it would be difficult to predict and identify the subpopulation of 
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adults where natural aging will be the primary contributing factor in OA.  Additionally, 

inhibition of MIF either by neutralizing antibody or chemical inhibitor requires repeated 

dosing, so it would be difficult to convince patients to adhere to a long-term treatment 

program early in life to prevent a disease for which they are not yet experiencing 

symptoms.  Thus, a more long-acting or delayed-release method of MIF inhibition would 

need to be developed. This potential therapy would improve patient adherence because it 

would drastically reduce the number of treatments necessary to prevent OA. 

 

The results of the studies presented here indicate that the deletion of Mif is protective in 

the development of naturally occurring age-related OA but not in injury-induced OA.  

We have shown that joint tissue cells do not respond the exogenous MIF treatment in 

vitro, but the mechanism by which MIF activity promotes age-related OA is still 

unknown.  Thus, additional studies are needed to identify the mechanism by which MIF 

promotes naturally occurring age-related OA and to investigate the potential efficacy of 

MIF inhibition as a therapeutic target in the treatment of OA. 
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Abstract 

OBJECTIVE: The PI-3 kinase-Akt pathway plays a role in cartilage anabolic as well as 

catabolic processes in response to activation by insulin-like growth factor-1 (IGF-1) and 

the pro-inflammatory cytokines interleukin-1β (IL-1β) and oncostatin M (OSM). The 

goal of this study was to determine how PI-3 kinase-Akt signaling regulates these 

seemingly opposing functions.  

 

DESIGN: Monolayer cultures of primary human articular chondrocytes were treated with 

IGF-1, IL-1β, OSM, or the combination of IL-1β and OSM in time course experiments. 

Activation of signaling proteins and MMP production were measured by 

immunoblotting. Cells were pre-treated with chemical inhibitors to block MAP kinases, 

PI-3 kinase, or JAK/STAT pathway activation.  Constitutively active Akt1 and Akt3 were 

expressed to study stimulus-independent activation of Akt.  

 

RESULTS: IGF-1, OSM, and the combination of IL-1β and OSM but not IL-1β alone, 

stimulated phosphorylation of Akt which was sustained longer with IGF-1. IL-1β plus 

OSM, but not IGF-1, increased chondrocyte MMP-13 production which was inhibited 

with either a general PI-3 kinase inhibitor or specific inhibition of the PI-3 kinase-γ 

isoform. Akt1 or Akt3 activity alone was not sufficient to increase production of MMP-

13. IL-1β/OSM induced MMP-13 production required activation of the MAP kinases, 

JNK and p38, as well as the JAK-STAT pathway which were activated by IL-1β plus 

OSM but not by IGF-1.  
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CONCLUSIONS: The chondrocyte integrates signals from the PI-3 kinase-Akt pathway 

with signals from MAP kinases and the JAK-STAT pathway to allow for a differential 

response to a pro-anabolic (IGF-1) and a pro-catabolic (IL-1β plus OSM) stimulus.  

 

Keywords:  PI-3 kinase, chondrocyte, cell signaling, matrix metalloproteinase-13 
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Introduction 

 The activity of intracellular signaling pathways in chondrocytes is regulated by 

soluble mediators and by changes in the extracellular matrix (1, 2). Understanding 

specific signaling pathways that play a role in osteoarthritis (OA) is of interest since these 

pathways could serve as therapeutic targets. Major pathways that have been shown to be 

active in OA chondrocytes include the mitogen activated protein (MAP) kinase family, 

the Wnts, Smads, the JAK-STAT pathway, toll-like receptor pathways, and the NF-κB 

pathway (1, 3). These pathways mediate both anabolic and catabolic functions in 

cartilage and likely work in concert to determine the overall balance of matrix synthesis 

and degradation. 

 

 There is some controversy over the potential role of the chondrocyte PI-3 kinase-

Akt pathway in OA. Stimulation of this pathway by insulin-like growth factor 1 (IGF-1) 

has been shown to promote chondrocyte survival as well as proteoglycan and collagen 

synthesis (4-6).  However, other studies have shown that the PI-3 kinase-Akt pathway is 

also activated by inflammatory cytokines, such as interleukin-1β (IL-1β) and oncostatin 

M (OSM), resulting in increased production of MMPs, including the collagenase MMP-

13, resulting in cartilage matrix loss (7-9). Additionally, Akt isoforms 1 and 3 have been 

shown to be necessary for the IL-1β/OSM stimulated MMP-13 production (7). These 

findings describing the role of the PI-3 kinase-Akt pathway in MMP-13 production have 

led to the suggestion that this pathway would be an effective target in the treatment of 

OA (10).  
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In order to better understand the potential role of the PI-3 kinase-Akt pathway in 

regulating anabolic and catabolic processes in cartilage, we compared chondrocyte 

signaling in response to stimulation with the anabolic factor IGF-1 and the catabolic 

mediators IL-1β and OSM. In chondrocytes, IGF-1 signals through the PI-3 kinase-Akt 

pathway to promote cell survival and matrix synthesis (2, 3). IL-1β increases MMP 

production through activation of the MAP kinase pathways (ERK, JNK, and p38) (11). 

OSM, a member of the IL-6 family, increases MMP production through activation of the 

JAK/STAT pathway (12). The combination of IL-1β and OSM is a more potent stimulus 

of MMP production and cartilage matrix destruction than either cytokine alone and 

thought to be relevant to promotion of cartilage loss in arthritis (7, 13).  

 

The response of cells to growth factors and cytokines most often depends on integration 

of multiple signals that are generated in a time dependent fashion and are subject to 

positive and negative feedback loops. Here, we focused on the time dependent activation 

of key nodes in the IGF-1, IL-1β, and OSM pathways to examine how these stimuli, 

which share activation of the PI-3 kinase-Akt pathway, result in either pro-anabolic 

activity, in the case of IGF-1, or pro-catabolic activity, in the case of IL-1β and OSM. We 

confirm previously published results that both IGF-1 treatment and IL-1β/OSM co-

treatment result in Akt phosphorylation, and inhibition of PI-3 kinase blocks IL-1β/OSM 

stimulated MMP-13 production. Additionally, we show that active Akt by itself is not 

sufficient for MMP-13 production and that the difference between IGF-1 and IL-1β/OSM 

in stimulation of MMP-13 is due to differential activation of MAP kinases and STAT3. 
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These findings suggest that MAP kinase or JAK-STAT pathways would be more 

appropriate as a therapeutic target given the pro-anabolic and cell survival role of Akt. 
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Experimental 

Reagents 

Chemical inhibitors were purchased from Calbiochem (LY294002, PD98059, 

SB203580), Sigma (SP600125), and SelleckBiochem (A66, TGX-221, CAL-101, AS-

252424, Ruxolitinib). The doses used and specific targets for each inhibitor are 

summarized in Table 1. Recombinant proteins were purchased from Austral Biological 

(IGF-1) and R&D Systems (IL-1β, OSM, IL-6, sIL-6R). Antibodies were purchased from 

Cell Signaling Technology (p-Akt S473, T-Akt, p-ERK T202/Y204, T-ERK, p-JNK 

T183/Y185, T-JNK, p-p38 T180/Y182, T-p38), Santa Cruz Biotechnology (p-STAT3 

Y705, T-STAT3), and Abcam (MMP-13, MMP-2).  

 

Chondrocyte Isolation and Cell Culture  

Chondrocytes were isolated from normal human ankle (talar) or knee cartilage obtained 

from tissue donors or osteoarthritic knee cartilage removed during joint replacement 

surgery. Normal donor tissue was obtained from deceased tissue donors through the Gift 

of Hope Organ and Tissue Donor Network (Elmhurst, IL) and Rush University Medical 

Center (Chicago, IL). OA tissue was removed from the joint at time of knee replacement 

surgery at Wake Forest Baptist Health (Winston-Salem, NC). Human tissue use was 

approved by the Institutional Review Boards at Rush University, Wake Forest University 

School of Medicine and the University of North Carolina at Chapel Hill. Briefly, the 

cartilage was dissected away from the subchondral bone and digested in Pronase 

(Calbiochem) for 1 hour at 37°C followed by overnight digestion in Collagenase P 

(Roche Diagnostics) at 37°C. Cells were cultured in high density monolayers with 10% 
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serum in D-MEM media (Gibco) until confluent and then made serum-free overnight 

before treatment. Cells were treated with 100 or 50ng/ml IGF-1 (lower dose used for PI-3 

kinase isoform inhibition studies), 0.2 or 10ng/ml IL-1β (lower dose used in experiments 

in Figure 3, but no difference was seen with high dose of IL-1β in combination with 

OSM, so 10ng/ml was used in all other experiments), or 10ng/ml OSM. 

 

Lentivirus Infection 

Akt1 lentiviral constructs were kindly provided by Dr. Michael Robinson (Children’s 

Hospital of Philadelphia), and details of the preparation of the lentivirus were previously 

published by our group (5). Chondrocytes were infected with lentivirus within 72 hours 

of plating. The lentivirus (25,000 viral particles/ml) was diluted in 10% serum media 

containing 8mg/ml Polybrene and incubated at 37°C. The media containing lentivirus and 

Polybrene was replaced after 24 hours. Forty-eight hours post-infection, cells were made 

serum-free for six hours and then co-stimulated with 10ng/ml IL-1β and 10ng/ml OSM 

overnight. 

 

Nucleofection 

Wild-type (pCMV5. HA PKBγ) and dominant negative (pCMV5. HA PKBγ 

T305A/S472A) Akt3 plasmids were kindly provided by Brian Hemmings (Friedrich 

Miescher Institute, Switzerland). Constitutively active Akt3 plasmid (1236 pcDNA3 Myr 

HA Akt3) was purchased from Addgene (plasmid #9017).  
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After isolation and overnight digestion, chondrocytes were plated and allowed to 

recover for 48-72 hours. Cells were then incubated for 3 hours in collagenase and pronase 

together at 37°C to digest adhesion proteins and lift the cells from the plate. The cells 

were rinsed once in 1X Dulbecco’s phosphate buffered saline (DPBS, Lonza), and then 

resuspended in Human Chondrocyte Nucleofector Solution (Lonza) at a density of 

1x106cells/100μL solution. After combining 100μL cell solution with 2μg of appropriate 

DNA plasmid, the cells were transferred to an Amaxa cuvette and placed in the Amaxa 

Nucleofector II. Following nucleofection, cells were placed in 20% serum media and 

plated in Poly-L-lysine (Sigma) coated tissue culture plates. After overnight incubation in 

20% serum media to allow recovery and to promote adherence of nucleofected cells, the 

media was changed to 10% serum until cells were serum-starved prior to treatment. 

 

Immunoblotting 

Following treatment, high density chondrocyte monolayers were rinsed twice with 1X 

DPBS and lysed for 30min in lysis buffer containing 20mM Tris-HCl, 150mM NaCl, 

1mM Na2EDTA, 1mM EGTA, 1% Triton, 2.5mM sodium pyrophosphate, 1mM β-

glycerophosphate, 1mM Na3VO4, 1µg/ml leupeptin (Cell Signaling Technology) with 

phenylmethanesulfonyl fluoride (PMSF, Sigma) and Phosphatase inhibitor cocktail 2 

(Sigma). The cell lysate was centrifuged for 10min at 13,000rpm to remove the insoluble 

fraction. The protein content of the soluble fraction was quantified using the Pierce Micro 

BCA kit (Thermo Scientific). Approximately 10μg protein/sample were combined with 

2X Laemmli Sample Buffer (Bio-Rad) containing 5% β-mercaptoethanol, boiled for 

5min, and loaded on 10% SDS-PAGE gels to run for 90min at 120 volts. The protein was 
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transferred to Whatman nitrocellulose membrane for 90min at 120 volts. Membranes 

were blocked for 60min in 5% blocking buffer (Bio-Rad) and then incubated with the 

primary antibody overnight at 4°C. Following primary antibody incubation, membranes 

were rinsed three times in TBST, incubated with HRP-tagged secondary antibody (Cell 

Signaling Technology) for 60min, and rinsed three times in TBST. Blots were developed 

using Amersham ECL reagent and visualized. Protein kinase phosphorylation was 

measured at indicated time points by immunoblotting cell lysates with phospho-specific 

antibodies. Blots were stripped and reprobed with antibodies to the total protein as a 

loading control  

 

 For conditioned media, equal volumes of media were run on SDS-PAGE gels and 

used for immunoblotting for MMP-13. Blots were stripped and probed for MMP-2. The 

levels of MMP-2 were not altered by the stimuli or inhibitors tested and so were used as a 

loading control.    Immunoblots were quantified by densitometry using ImageJ software. 

 

RT2-qPCR 

Following overnight treatment of chondrocytes, the cells were rinsed twice and then 

lysed in Trizol (Invitrogen). RNA was isolated from the cell lysate using the standard 

Trizol isolate protocol. Briefly, chloroform was added to the Trizol lysate, and the 

samples were centrifuged to separate phases. The RNA-containing aqueous phase was 

transferred to a new tube, and isopropanol was added to precipitate the RNA. The RNA 

pellets were washed once with 70% ethanol, and the RNA was quantified using the 

UV/VIS spectrophotometer. The reverse transcription reaction was performed using 2μg 
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RNA/sample. RT enzymes and reagents were purchased from Promega. RT2-qPCR was 

performed using SybrGreen Master Mix and gene-specific oligos purchased from Qiagen. 

Each sample was assayed in three technical replicates. 

 

ELISA 

MMP-13 was quantified in conditioned media using the MMP-13 solid-phase ELISA kit 

from R&D systems. Samples were diluted in Calibrator Diluent (included in kit) and 

analyzed following the protocol included in the kit. Each sample was assayed in two 

technical replicates. MMP-13 content per sample was calculated from the standard curve, 

corrected for the dilution factor, and then normalized to total protein measured in the cell 

lysate from each sample. 

 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, Inc.). 

Densitometry, qPCR, and ELISA data from at least three independent experiments, each 

performed using cells from a unique donor (n for each set of experiments is noted in the 

figure legend where n=the number of independent experiments), were analyzed by one-

way analysis of variance (ANOVA), followed by Tukey’s Honest Significant Difference 

(HSD) post-hoc analysis. Data are presented graphically as individual points, each 

representing an independent experiment with the mean for each condition. In the figure 

legends the mean ± standard deviation are provided.  
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Results 

Activation of PI-3 Kinase and MAPK signaling pathways by IL-1β, OSM, and IGF-

1 is time- and stimulus-dependent 

The downstream effects of cell signaling are dependent on the time required to 

activate a particular pathway as well as the level of activation and the longevity of the 

signal. We used a time course analysis to directly compare the anabolic factor IGF-1 with 

the catabolic factors IL-1β and OSM to examine similarities and differences in the 

response. Primary articular chondrocytes were treated with IGF-1, IL-1β, OSM, or the 

combination of IL-1β and OSM at increasing time points from five to 60 minutes and 

relevant signaling proteins were evaluated for phosphorylation status which, for the 

chosen proteins, correlates with activation. Representative immunoblots are shown in 

Figure 1 and densitometric results showing the averages from three independent donors 

are shown in Figure 2 to illustrate the different patterns in the responses of each signaling 

protein to a particular stimulus.  

 

The anabolic stimulus IGF-1 at 100ng/ml stimulated Akt phosphorylation which 

was detectable at 5 minutes and sustained out to 60 minutes. IGF treatment resulted in 

weak and transient ERK phosphorylation that peaked at 10 minutes and was not 

detectable after 15 minutes. IGF treatment did not result in detectable phosphorylation of 

the JNK or p38 MAP kinases or STAT3.  
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Figure 1:  Time course of chondrocyte signaling activated in response to IGF-1, IL-

1β, and OSM. Normal human chondrocytes were stimulated with IGF (100ng/ml), IL-1β 

(10ng/ml), OSM (10ng/ml), or IL-1β and OSM together (10ng/ml each) for increasing 

time points (5-60min). Total cell lysates were immunoblotted for phosphorylated 

signaling kinases; total kinase blots are shown as loading controls. Representative blots 

are shown from three independent experiments performed using cells from three different 

tissue donors.  

  



101 

  

 

Figure 2:  Densitometric analysis of time course of chondrocyte signaling activated 

in response to IGF-1, IL-1β, and OSM. The signal of the phosphorylated kinase was 

normalized to the total kinase loading control and shown as fold-change from untreated 

control. Data are shown as the average of three independent experiments performed using 

cells isolated from three different normal tissue donors. 
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IL-1β alone at 10ng/ml did not stimulate detectable Akt or STAT3 

phosphorylation at any of the time points examined. Higher doses of IL-1β (up to 

1µg/ml) were also tested and did not stimulate detectable Akt phosphorylation (data not 

shown). IL-1β stimulated phosphorylation of ERK and JNK, with a slight increase in 

phosphorylation at 5 minutes followed by peak phosphorylation between 10 and 30 

minutes and a decrease in phosphorylation at 60 minutes. IL-1β stimulated 

phosphorylation of p38 at 5 minutes, followed by maximum phosphorylation from 10-15 

minutes with little phosphorylation noted at 60 minutes.  

 

OSM alone at 10ng/ml stimulated phosphorylation of Akt at 5 to 15 minutes that 

decreased at 30 minutes and was undetectable by 60 minutes. OSM stimulated strong 

ERK phosphorylation at 5 minutes that was sustained out to 30 minutes but not detectable 

at 60 minutes. OSM did not stimulate detectable JNK phosphorylation and stimulated 

weaker phosphorylation of p38 than IL-1β. OSM also stimulated strong phosphorylation 

of STAT3 at 5 minutes which was sustained out to 30 minutes and began to decrease at 

60 minutes. The strong stimulation of p-STAT3 by OSM is expected since OSM is a 

member of the IL-6 family of cytokines, and IL-6 is a strong stimulator of the JAK/STAT 

pathway (12). 

 

The combination of IL-1β and OSM stimulated transient phosphorylation of Akt 

that was slightly stronger than the OSM-induced phosphorylation of Akt; Akt 

phosphorylation began to decrease at 30 minutes and was not detectable at 60 minutes. 

IL-1β/OSM stimulated ERK phosphorylation from 5-30 minutes to a level similar to  
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Table 1:  Summary of inhibitors used in this study. 

 

Inhibitor IC50 Dose (μM) Inhibitor Target 

LY294002 1.4μM 5 pan-PI-3 kinase 

A66 32nM 10 PI-3 kinase-α 

TGX-101 10nM 10 PI-3 kinase-β 

AS-252424 33nM 10 PI-3 kinase-γ 

CAL-101 65nM 10 PI-3 kinase- δ 

PD98059 2μM 30 MEK (ERK) 

SP600125 40nM 20 JNK 

SB203580 0.3-0.5μM 10 p38 

Ruxolitinib 3.3/2.8nM 10 JAK1/2 (STAT3) 
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IL-1β alone or OSM alone. IL-1β/OSM stimulated JNK phosphorylation from 10 to 30 

minutes (similar to IL-1β alone), and the phosphorylation signal was not detectable at 60 

minutes. IL-1β/OSM stimulated phosphorylation of p38 from 5 to 30 minutes. IL-

1β/OSM induced strong phosphorylation of STAT3 at 5 minutes, similar to OSM alone, 

that was sustained out to 30 minutes and began to decrease at 60 minutes. 

 

PI-3 kinase inhibition blocks IL-1β/OSM stimulation of Akt phosphorylation and 

MMP-13 production. 

We used the general PI-3 kinase inhibitor LY294002 to determine if inhibition of 

PI-3 kinase, which is upstream of Akt, would block MMP-13 production. Primary human 

articular chondrocytes (both normal and OA, data is shown for normal cells) were treated 

with IGF-1 or cytokines (with or without  LY294002) overnight for measurement of 

MMP levels in conditioned media or for 30 minutes for measurement of Akt 

phosphorylation. In these experiments, we also examined IL-6 as a stimulus. IGF-1 and 

the low dose of IL-1β (0.02ng/ml) were not sufficient to increase MMP-13 while OSM 

and IL-6 did increase MMP-13 which was greatest with OSM (Figure 3A). Levels of 

MMP-13 in the conditioned media did not correlate with levels of Akt phosphorylation in 

cell lysates. Akt phosphorylation was strongest with IGF-1 and not detectable with IL-6. 

However, PI-3 kinase activity was required for the IL-1/OSM mediated increase in 

MMP-13 since LY294002 blocked MMP-13 production.  Inhibition of PI-3 kinase by 

LY294002 had a similar effect on Akt phosphorylation and MMP-13 production in OA 

chondrocytes as in normal cells (data not shown). 
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Figure 3: PI-3K, MAPK, and STAT inhibition block IL-1β/OSM induced MMP-13 

production.  

A. Normal chondrocytes were pre-treated with 5µM LY294002, followed by 30 min 

stimulation (p-Akt blot) or overnight stimulation (MMP-13 blot). Representative blots are 

shown (n=3 independent experiments using cells from three different tissue donors). 

MMP-2 is used as a loading control for MMP-13, and total Akt is shown as a loading 

control for p-Akt. Strong p-Akt in the IGF-1 stimulated cells reduces the ability of the 

total antibody to recognize Akt. B. Chondrocytes were pre-treated with inhibitors for 30 

min and then stimulated with IL-1β/OSM overnight. Conditioned media was collected 

and immunoblotted for MMP-13. MMP-2 was used as a loading control. C. 

Densitometric analysis of immunoblots from independent experiments in B (n=6 

independent experiments with cells from six unique tissue donors, controls and MAPK 

inhibitors; n=3 independent experiments using cells from three unique tissue donors, 

Ruxolitinib). Data are presented as mean ± SD. Because human donors produce variable 

levels of MMP-13 in response to IL-1β/OSM, densitometry data are normalized to IL-

1β/OSM and shown as percent inhibition from the positive control. Treatment (mean ± 

SD): Control (13.23±10.96); IL-1β/OSM (100.0±0.0); PD+IL-1β/OSM (43.13±22.99); 

SP+IL-1β/OSM (41.18±24.71); SB+IL-1β/OSM (20.07±16.66); Rux+IL-1β/OSM 

(10.67±5.71). *=p<0.0001 
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MAP kinase and JAK1/2 inhibition block IL-1β/OSM stimulated MMP-13 

production. 

 The disconnect between MMP-13 production and Akt phosphorylation in 

response to IGF-1 and the cytokines suggests that, although PI-3 kinase activation is 

required for IL-1β/OSM signaling that results in MMP-13 production, additional signals 

are also necessary. Since IL-1β/OSM treatment also activates MAP kinase and the 

JAK/STAT pathway in chondrocytes, we tested the ability of MAP kinase and a JAK 

inhibitor to block the IL-1β/OSM stimulation of MMP-13. Specific inhibition of ERK, 

JNK, p38, or JAK1/2 all significantly reduced the amount of IL-1β/OSM stimulated 

MMP-13 with the greatest reduction noted after inhibition of either p38 or JAK1/2 

(Figure 3B and C). Inhibition of JAK1/2 blocked IL-1β/OSM mediated Akt and STAT3 

phosphorylation but did not affect IGF-1 mediated Akt phosphorylation. JAK1/2 

inhibition also did not affect IL-1β/OSM or IGF-1 mediated ERK, JNK, or p38 

phosphorylation (Figure 3D). 

 

Activity of Akt isoforms 1 and 3 alone is not sufficient to stimulate MMP-13 

production.  

In order to further determine the role of Akt activation in chondrocyte MMP-13 

production, we utilized a lentivirus construct to over-express wild type or constitutively 

active Akt1, with or without IL-1/OSM stimulation, and examined MMP-13 production. 

We had previously shown that chondrocytes transduced with this construct had a marked 

increase in proteoglycan and collagen synthesis as well as expression of type II 

procollagen and Sox-9 (5). The overexpression of WT-Akt1 or CA-Akt1 was not  
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Figure 4:  Over-expression of Akt1 or Akt3 has no effect on IL-1β/OSM induced 

MMP-13 production. A. Wild type (WT) and constitutively active (CA)-Akt1 were 

over-expressed in normal chondrocytes, followed by treatment with IL-1β/OSM. Akt 1 

constructs contain a hemagglutinin (HA) expression tag, so the HA blot of total lysates is 

shown to confirm expression of constructs. Representative blots are shown (n=3 

independent experiments using cells from three unique tissue donors). B. WT, CA, and 

dominant negative (DN)-Akt3 were over-expressed in normal chondrocytes, followed by 

treatment with IL-1β/OSM.  Representative blots are shown (n=3 independent 

experiments using cells from three unique tissue donors). MMP-2 is shown as loading 

control for conditioned media. 
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sufficient to stimulate MMP-13 production without IL-1β/OSM and did not promote a 

further increase in MMP-13 levels in cells also treated with IL-1/OSM (Figure 4A). We 

also tested expression of a dominant negative Akt1 construct but found that the high 

levels of over-expression needed to compete with endogenous Akt1 resulted in 

significant cell death (measured by LDH release) such that we could not interpret effects 

on MMP-13 production (results not shown). 

In addition to Akt1, the Akt3 isoform has also been implicated in chondrocyte 

MMP-13 production (7). We therefore utilized DNA plasmids to over-express wild type, 

constitutively active, and dominant negative Akt3. The activity of Akt3 alone was not 

sufficient to increase MMP-13 production, and the amount of MMP-13 stimulated by IL-

1β/OSM was not significantly different when WT-, CA- or DN-Akt3 were over-

expressed compared to the GFP control (Figure 4B). Unlike our previous findings with 

constitutively active Akt1 (14), expression of CA-Akt3 did not significantly affect 

collagen II expression or proteoglycan synthesis (data not shown). 

 

PI-3K isoforms differentially regulate the chondrocyte response to IL-1β/OSM. 

 Multiple isoforms of PI-3 kinase can be expressed in chondrocytes, and so we 

determined if a specific PI-3 kinase isoform mediated the effects on MMP-13 production 

in chondrocytes treated with IL-1β and OSM. We first investigated the baseline mRNA 

expression of these isoforms in chondrocytes and found that PI-3 kinase-α and PI-3 

kinase-β were the most highly expressed in chondrocytes. PI-3 kinase-γ and PI-3 kinase-δ 

were also expressed, but at lower baseline levels than the α and β isoforms (Figure 5A). 
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Figure 5:  Inhibition of PI-3K-γ significantly reduces IL-1β/OSM induced MMP-13 

production. A. Baseline mRNA expression of PI-3K isoforms in chondrocytes from five 

normal donors (results are presented as individual data points with the mean indicated by 

the horizontal line). Expression level (mean±SD): TBP (1.00±0.0); PI-3K-α (3.84±2.56); 

PI-3K-β (3.97±0.42); PI-3K-δ (1.61±0.34); PI-3K-γ (.06±.04). B. Chondrocytes in 

monolayer were pre-treated with inhibitor (5uM LY or 10uM A66, TGX, CAL, or AS) 

for 30 min followed by 30 min stimulation with 100ng/ml IGF-1 or 10ng/ml IL-

1β+10ng/ml OSM. Representative blots are shown (n=3 independent experiments using 

cells from three unique tissue donors). C. Chondrocytes in monolayer were pre-treated 

with inhibitors for 30 min followed by overnight stimulation with 10ng/ml IL-

1β+10ng/ml OSM. Representative blots from MMP blots of conditioned media are 

shown (n=3 independent experiments using cells from three unique tissue donors). D. 

MMP-13 in conditioned media was quantified by total MMP-13 ELISA. Data are 

normalized to amount of MMP-13 stimulated by IL-1β/OSM without inhibitors (set to 

100%).  Data shown are mean ± SD (n= 3 independent normal tissue donors). Treatment 

(mean±SD): Control (17.99±13.01); IL-1β/OSM (100.0±0.0); LY+IL-1β/OSM 

(35.02±8.53); A66+IL-1β/OSM (122.3±23.42); TGX+IL-1β/OSM (73.99±32.16); 

CAL+IL-1β/OSM (74.00±20.07); AS+IL-1β/OSM (41.38±23.54). Control vs. IL-

1β/OSM, p=0.0027; IL-1β/OSM vs. LY+IL-1β/OSM, p=0.176; IL-1β/OSM vs. AS+IL-

1β/OSM, p=0.0358. 
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 We next tested chemical inhibitors specific to each PI-3 kinase isoform. Because 

the PI-3 kinase-Akt pathway is essential for chondrocyte survival, we confirmed that 

overnight treatment of chondrocytes with these inhibitors at 10µM did not result in 

significant cell death (data not shown). Pre-treatment of chondrocytes with the inhibitors 

followed by IGF-1 or IL-1β/OSM stimulation partially inhibited phosphorylation of Akt 

(Figure 5B). The 5μM dose of the general PI-3 kinase inhibitor LY294002 tested here 

was not sufficient to completely block the Akt phosphorylation stimulated by IGF-1 

while it did inhibit IL-1β/OSM stimulation of Akt phosphorylation. Previous studies from 

our group have shown that higher doses of LY294002 (up to 25μM) are required to 

inhibit IGF-1 mediated Akt phosphorylation, but the lower dose was used in the present 

study since it was sufficient to block MMP-13 production in response to IL-1β/OSM and 

would be more directly comparable to the doses of isoform specific inhibitors (4). 

 

 We examined the effect of the inhibitors on IL-1β/OSM stimulation of MMP-13 

production and found that the inhibitor of PI-3 kinase-γ, AS-252424, reduced the level of 

IL-1β/OSM stimulated MMP-13 to that seen with the general inhibitor LY294002 

(Figure 5C). Inhibition of PI-3 kinase-β with TGX-221 partially inhibited MMP-13 

production while the PI-3 kinase-α and –δ inhibitors were the least effective. The 

inhibitors were further tested using an MMP-13 ELISA which is more quantitative than 

immunoblotting. The only statistically significant inhibition was seen with the general 

inhibitor LY294002 and the PI-3 kinase-γ inhibitor AS-252424 (Figure 5D). 
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Figure 6:  Integrated signaling network of key pathways activated by IGF-1, IL-1β, 

OSM, and IL-1β/OSM. The integrated signaling network is color-coded to track 

pathways activated by IGF-1 (green), IL-1β (red), OSM (blue), and IL-1β/OSM (parallel 

red and blue). Solid lines with arrows indicate pathway activation and kinase 

phosphorylation by indicated stimulus. The dashed line is to indicate that IL-1β by itself 

does not stimulate Akt phosphorylation but does when used in combination with OSM. 

The weight of the lines indicates the relative level of phosphorylation stimulated (eg, 

IGF-1 is a strong stimulator of Akt phosphorylation and PG synthesis, so those green 

arrows are weighted heavily). This signaling network illustrates that while IGF-1 and the 

combination of IL-1β and OSM share activation of the PI-3K-Akt pathway, they have 

different downstream effects due to differential activation of the JNK and p38 MAP 

kinases as well as STAT3.   
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Discussion 

 Cells such as chondrocytes utilize a complex network of signaling pathways to 

integrate and appropriately respond to multiple cues in their immediate environment. 

Diverse stimuli, sometimes even those that mediate opposing functions, can share 

common signaling proteins and components of particular pathways. The cellular response 

to such stimuli is determined not by the activity of a single protein or pathway but rather 

by the integration of multiple signals influenced by both timing and location of the 

signals within the cell. Here we show that the divergent responses mediated by an 

anabolic factor, IGF-1, that stimulates cartilage matrix synthesis, and the combination of 

the catabolic factors IL-1β and OSM, that stimulate cartilage matrix breakdown, share 

activation of the PI-3 kinase-Akt pathway. The differences among the stimuli which 

contribute to the divergent responses included the more sustained phosphorylation of Akt 

and transient phosphorylation of ERK in response to IGF-1 and the additional activation 

of JNK, p38, and STAT3 by IL-1β and OSM.   

 

 The effects of IGF-1, IL-1β, and OSM on chondrocyte signaling have been 

investigated independently but have not been directly compared (5, 7). The finding that 

inhibition of PI-3 kinase blocks the increase in MMP-13 is consistent with previous 

studies (7, 13). It had also been shown that siRNA knock-down of Akt1 or Akt3 inhibits 

the IL-1β/OSM stimulated MMP-13 production indicating that they are also required for 

the increase in MMP-13 in response to IL-1β/OSM(7). Our finding that expression of 

constitutively active Akt1 or Akt3 was not sufficient to increase MMP-13 production 

shows that although these signaling proteins may be required for the effect of IL-
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1β/OSM, they are not sufficient by themselves, suggesting additional signaling pathways 

must also be required.  

 

 IL-1β is well known to activate MAP kinase signaling, and OSM can activate the 

JAK-STAT pathway (11, 12). The ability of the combination of IL-1β and OSM to 

stimulate chondrocyte MMP-13 production was most dependent on p38 and JAK-STAT 

activity. The lack of appreciable p38 or STAT3 phosphorylation in response to IGF-1 can 

explain in part why IGF-1 does not stimulate MMP-13 production despite the strong 

activation of the PI-3 kinase-Akt pathway. 

 

 We also examined the role of specific PI-3 kinase isoforms in MMP-13 

production stimulated by IL-1β/OSM. The LY294002 compound that blocked MMP-13 

production is very commonly used as a PI-3 kinase inhibitor but is not isoform specific. 

The most highly expressed isoforms at the RNA level were PI-3 kinase-α and –β 

followed by PI-3 kinase-δ with little PI-3 kinase-γ. Only inhibition of the γ isoform 

completely blocked MMP-13 production to the level of LY294002. It is possible that the 

more highly expressed isoforms were less susceptible to the inhibitors at the doses used, 

although all of the inhibitors, except A66 for PI-3 kinase-α, had at least a partial effect 

suggesting there could be some redundancy among the isoforms. Further studies could 

test knockdown of specific isoforms to confirm the inhibitor results.  

 

 Key nodes in the signaling pathways that are activated by IGF-1, IL-1β, and OSM 

are shown in Figure 6 demonstrating points of overlap and divergence. Previous studies 



116 

  

have documented the involvement of individual pathways, such as the IRS-1-PI- kinase-

Akt pathway that mediates proteoglycan and collagen production in response to IGF-1 

and the MEK-ERK pathway which is inhibitory (4, 5). Of note from the present study, 

IL-1β alone was not sufficient to phosphorylate Akt or STAT3 while OSM alone was not 

sufficient to phosphorylate JNK indicating that the combined effect of these cytokines on 

multiple signaling pathways may be responsible for the observed potent effect of this 

combination on cartilage matrix destruction (7, 13). The findings from this study suggest 

that targeting signaling proteins, such as JAK1/2, activated by IL-1β or OSM and not by 

IGF-1 would provide a better therapeutic approach to restoring the balance in anabolic 

and catabolic activity in cartilage in order to slow further progression of cartilage loss in 

OA.  
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APPENDIX TWO 

Data Relevant to Chapter Two: 

Deletion of Macrophage Migration Inhibitory Factor Reduces Severity  

of Osteoarthritis in Aged Mice 

 

 

Meredith A. Rowe1; Lindsey R. Harper2; Cathy S. Carlson2; Lin Leng3;  

Richard J. Bucala3; Richard A. Miller4; Richard F. Loeser1 
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Hill, North Carolina. 2Lindsey Harper, BS and Cathy S. Carlson, DVM, PhD: University 

of Minnesota, St. Paul, Minnesota.  3Lin Leng, PhD and Richard J. Bucala, MD, PhD: 

Yale University, New Haven, Connecticut.  4Richard A. Miller, MD, PhD: University of 

Michigan, Ann Arbor, Michigan. 
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Richard Bucala provided reagents and acted in an advisory capacity.  Richard Loeser 

acted in an advisory and editorial capacity.  
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METHODS 

Stimulation of chondrocyte and meniscal cells in culture 

Primary chondrocytes and meniscal cells were isolated as described (1) and cultured in 

high density monolayers in 10% serum DMEM-F12 media until confluent.  Cultures 

were serum-starved before stimulation.  For short-term signaling experiments, cells were 

treated with fibronectin-fragment (FN-f, 1µM; purified in the Loeser lab), interleukin-1β 

(IL-1β, 10ng/mL; R&D Systems), or recombinant MIF (5ng/mL-1µg/mL; purified in the 

Bucala lab) for 0-150 minutes.  The cells were rinsed once with PBS and then lysed for 

30 minutes in 1X lysis buffer (10X stock from Cell Signaling Technology) with 

phosphatase inhibitor cocktail 2 (Sigma) and PMSF (Sigma).  Cell lysates were 

centrifuged for 10 minutes at 13,000rpm to pellet the insoluble cell fraction.  The soluble 

fraction of the total cell lysate was saved -20°C for analysis.  For MMP analysis, cells 

were serum-starved for 6 hours prior to overnight treatment with FN-f, IL-1β, or MIF.  

The conditioned media was collected and stored at 4°C with 0.01% sodium azide 

(Sigma).  The cell monolayer was rinsed once with PBS, and the cells were lysed as 

described above. 

 

Synovial fibroblast isolation and culture 

The synovium was dissected away from de-identified human donor knee joint tissue (RA 

and OA), rinsed in serum-free DMEM-F12 media, and transferred to a spinner flask.  The 

tissue was digested in Collagenase for 2 hours at 37°C/5% CO2 with constant, gentle 

stirring.  Following the 2 hour digestion, the cells were rinsed, counted, and plated in a T-

75 flask.  The synovial cells were passaged as they reached confluency until a purely 
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fibroblastic culture was obtained (usually between passages 4 and 9).  The resulting 

synovial fibroblasts were cultured overnight in 1% serum DMEM-F12 media prior to 

stimulation with IL-1β or MIF as described above. 

 

Immunoblotting 

Total protein in cell lysates was quantified by the BCA protein assay (Thermo Scientific), 

and 10µg of protein per lysate was combined with loading sample buffer (Bio-Rad) and 

reduced with a final concentration of 2.5% β-mercaptoethanol (β-ME; Bio-Rad).  

Proteins were separated by polyacrylamide gel electrophoresis (PAGE) and transferred to 

nitrocellulose membranes (Whatman). Membranes were blocked in 5% milk for one hour 

at room temperature and then incubated with primary phospho-protein antibody overnight 

at 4°C.  The next day, the membranes were washed three times with 1X TBS-Tween 

(10X TBS stock and Tween from Fisher) and incubated with the appropriate secondary 

antibody (Cell Signaling Technology) for one hour at room temperature.  After three 

additional washes, the immunoblots were visualized using Amersham ECL Western 

Blotting Detection Reagent (GE Healthcare). Following development, the immunoblots 

were incubated with Restore PLUS Western Blot Stripping Buffer (Thermo Scientific) 

for 15 minutes and then rinsed twice with 1X TBS-T.  Blots were re-blocked with 5% 

milk and then incubated with primary total-protein antibody for loading control.   

 

For immunoblots with conditioned media, equal volumes of conditioned media samples 

were prepared as before.  Proteins were separated by PAGE, and then transferred to 

nitrocellulose membranes for immunoblotting.  MMP-2 was used as the loading control 
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for conditioned media blots as we have demonstrated that levels of MMP-2 in 

conditioned media do not change with our treatments. 

 

Immunoblotting antibodies  

Anti-p/T-ERK, p/T-JNK, p/T-p38, and β-tubulin were purchased from Cell Signaling 

Technology.  Anti-MMP-13 and β-actin were purchased from Abcam. Anti-MMP-2 was 

purchased from EMD Millipore. Anti-MMP-1 was purchased from Abnova.  Anti-MIF 

was purchased from Invitrogen. Anti-CD74 was purchased from Sigma. 

 

Proteoglycan release 

Human cartilage explants were treated with MIF (100ng/mL) or IL-1β (10ng/mL) for 48 

hours in serum-free media.  Proteoglycan release was measured in the conditioned media 

with the Blyscan Sulfated Glycosaminoglycan Assay kit (Biocolor, Life Science Assays) 

following the manufacturer instructions.  Dimethylmethylene blue (DMB) dye binds to 

sulfated proteoglycans in conditioned media samples, and the concentration of 

proteoglycan released into the media was calculated from the absorbance of the bound 

dye.  The proteoglycan content in the media was normalized to the wet weight of each 

explant. 

 

Adenovirus transduction 

An adenovirus construct over-expressing MIF and an empty vector control were 

generated in the Bucala lab using the pAd/CMV/V5-DEST plasmid.  The adenovirus was 

amplified in HEK293 cells and titered using the QuickTiterTM Adenovirus Quantitation 
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Kit (Cell Biolabs).  After overnight enzyme digestion and cell isolation, chondrocytes 

were plated at medium density and cultured for 48 hours to allow the cells to recover.  

The chondrocytes were transduced with the adenovirus construct (either MIF or empty 

vector control) at a titer of 4 million viral particles/mL.  The appropriate adenovirus was 

combined with CaCl2 (final concentration 25mM) in serum-free DMEM-F12 media.  

After a 20 minute room temperature incubation, the viral suspension was added to the 

cells and incubated for 2 hours at 37°C/5% CO2. Following the 2 hour incubation, the 

virus was rinsed off of the cells and fresh 10% serum DMEM-F12 media was added to 

the culture.  Transduced cells were cultured for an additional 48 hours before use. 

 

Adenoviral intra-articular injection procedure 

Twelve-month old WT mice (SV129/C57Bl6 from the Mif colony) were anesthetized 

with isoflurane.  The skin and fur around the stifle joint were dampened with sterile 

ethanol in order to improve visualization of the patellar tendon.  The stifle joint was 

palpated gently with a sterile cotton swab to identify the joint space.  The adenovirus 

(MIF or empty vector control) was injected into the joint space using a Hamilton Syringe.  

The total volume injected was 5μL containing a dose of 1.0x106 pfu/joint (functional titer 

was measured using the QuickTiterTM Adenovirus Titer Immunoassay Kit from Cell 

Biolabs).  Following recovery, the mice were maintained in BSL-2 housing conditions 

and allowed to exercise through normal activities.  The mice were euthanized six weeks 

post-injection, and the hind-limbs were collected in formalin for histological analysis. 
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Nucleofection 

A DNA construct over-expressing either CD74 or an empty vector control were 

generated in the Bucala lab using the pcDNA3.1/V5-His-TOPO plasmid. Chondrocytes 

were nucleofected using the Lonza 4D-Nucleofector device based on the company 

protocol.  After overnight enzyme digestion, chondrocytes were plated in high-density 

monolayer to allow the cells to recover.  After 48 hours, the monolayer was digested with 

a Collagenase-P/Pronase combination until cells were lifted off of plate and floating as 

individual cells (usually 1.5-2 hours).  Cells were rinsed once in PBS, and the pellet was 

re-suspended in Primary Cell P3 Nucleofector reagent (Lonza) at a density of 2 million 

cells/100µL.  Aliquots of 2 million cells each were combined with 0.5µg DNA (either 

CD74 or empty vector control) and distributed to Lonza nucleofection cuvettes.  Cuvettes 

containing cells were transferred to the X-unit of the 4D-Nucleofector and nucleofected 

using the Human Chondrocyte program (pulse code: ER 100).  Following nucleofection, 

1mL of 20% serum DMEM-F12 media (no antibiotics) was added to each cuvette, and 

the cuvettes were transferred to the 37°C/5% CO2 incubator for 30 minutes to allow the 

cells to recover.  The cell suspensions were then transferred to individual wells of a 12-

well plate.  After 24 hours, the media was changed to 10% DMEM-F12 with antibiotics, 

and the cells were cultured an additional 48 hours before use. 

 

Flow Cytometry 

Chondrocytes were trypsinized and then rinsed once in flow buffer (1% BSA, 2mM 

EDTA in PBS).  Raji cells were used as a positive control for CD74 expression.  Cells 

were resuspended, counted, and aliquoted in 1 million cell aliquots.  Live cells were 
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stained with LIVE/DEAD® Fixable Violet (Molecular Probes, Life Technologies) and 

then fixed in 0.1% formaldehyde (Thermo Scientific) for 10 minutes.  Cells were blocked 

with normal mouse IgG (Invitrogen) for 5 minutes at 4°C.  After one wash in flow buffer, 

cells were incubated with the CD74-FITC or IgG-FITC (BD PharmingenTM, BD 

Biosciences) for 30 minutes on ice.  Cells were rinsed once in flow buffer and then 

resuspended in 300µL of flow buffer.  Samples were acquired on the Beckman Coulter 

CyAn ADP using Summit 4.3 software (Beckman Coulter, Fullerton, CA).  Data were 

exported and analyzed with FlowJo 10.0 software (TreeStar, San Carlos, CA) 

 

Cell viability  

Cell viability was measured using the LIVE/DEAD® Viability/Cytotoxicity kit for 

mammalian cells (Molecular Probes).  Per the manufacturer instructions, cells were 

rinsed once with PBS and then incubated with calcein AM/ethidium homodimer-1 dye 

solution for 15 minutes.  Live cells (stained by calcein AM, ex/em 494nm/517nm) and 

dead cells (stained by ethidium homodimer-1, ex/em 528nm/617nm) were counted in a 

representative field of view for each treatment.  Percentage cell survival was calculated 

for each treatment time point. 

 

Mouse femoral cap isolation and culture 

Four-week old mice were euthanized by CO2 asphyxiation, and both cartilage femoral 

caps were isolated with forceps and transferred to 10% DMEM-F12 media.  Bone 

explants were collected by removing the head of the femur with forceps.  The explants 

were allowed to recover in culture for 48 hours.  For analysis of signaling proteins, 
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explants were serum-starved overnight and then treated with menadione (25µM) for 30 

minutes.  The explants were homogenized in a PrecellysTM Control Device (Bertin 

Technologies) with three 40 second cycles of 6,500rpm.  The lysates were transferred to 

microcentrifuge tubes and centrifuged for 10 minutes at 13,000rpm to pellet the insoluble 

debris.  The soluble lysates were transferred to new tubes and stored at -20°C for analysis 

by immunoblotting.  For long-term stimulation, the explants were serum-starved and 

simultaneously treated with FN-f for 48 hours.  The conditioned media samples were 

collected and stored at 4°C for later analysis.  The explants were digested in papain 

(Sigma), and the DNA content was quantified by PicoGreen® (Invitrogen). 

 

ELISA  

Active MMP-13 in conditioned media was quantified by solid-phase ELISA (R&D 

Systems) according to the manufacturer’s protocol.  Due to the high level of MMP-13 in 

the conditioned media samples, the media samples were diluted 1:40 in the assay.  The 

amount of MMP-13 in the media was normalized to the total DNA content of each 

explant. 

 

Statistical Analysis 

All statistical analyses were performed using GraphPad Prism 6 except the Cd74 mouse 

aging data which was analyzed using SAS.  Graphical data points represent results from 

individual human tissue donors or individual mice. The variance of the data is described 

in the figure legends as mean±SEM.  Proteoglycan release was measured in conditioned 

media samples from unique human tissue donors (n=10 donors) and analyzed by one-way 
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ANOVA.  Correlation between the amount of endogenous MIF and the response to 

exogenous MIF was analyzed by linear regression in the same group of n=10 normal 

human tissue donors.  ACS scores from the Cd74 aging study (n=5-9 mice/group) were 

corrected for age and analyzed by ANCOVA using SAS.  The cell viability data were 

analyzed by t-test within each time point (n=3 or 5 normal human tissue donors).  Active 

MMP-13 production by mouse femoral cap explants was analyzed by one-way ANOVA 

or t-test within each genotype and tissue type (n=4-7 mice/group) as noted in the figure 

legend.  
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RESULTS 

Others have shown that treatment of primary rat osteoblasts with exogenous MIF 

activates MAP kinase signaling pathways and increases production of MMPs (2).  In 

these experiments, we stimulated chondrocytes, meniscal cells, and synovial fibroblasts 

with exogenous MIF in an effort to identify the signaling pathways activated by MIF in 

joint tissues and to investigate further the role of MIF in OA. 

 

Response of human joint tissue cells to treatment with exogenous MIF. 

In order to determine the effect of MIF on chondrocytes in vitro, human normal 

chondrocytes in monolayer culture were treated with recombinant MIF (50ng/mL), and 

the activation of signaling pathways was measured by immunoblotting with phospho-

specific antibodies.  MIF treatment at increasing time points (from 5 to 150min) did not 

result in phosphorylation of the MAP kinases ERK, JNK, or p38 (Fig 1).  FN-f (1µM, 

30min) is included as a positive control for MAP kinase pathway activation.  Similar 

signaling experiments were repeated in human OA chondrocytes, human normal and OA 

meniscal cells, and human normal, OA, and RA synovial fibroblasts with doses of MIF 

ranging from 5ng/mL to 1µg/mL with no measurable effect on MAP kinase pathways (p-

ERK, p-JNK, p-p38), the JAK/STAT pathway (p-STAT3), or the NF-κB pathway (p-

p65). 

 

Human normal chondrocytes were treated with MIF (5ng/mL-1µg/mL) overnight, and 

MMP-13 production was measured in conditioned media by immunoblotting (Fig 2A).  

While FN-f treatment strongly stimulated MMP-13 production, MIF did not stimulate  
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Figure 1. Effect of MIF on MAP kinase signaling pathways in chondrocytes. Normal 

chondrocytes in monolayer were stimulated with 50ng/mL MIF for 5, 30, 60, or 150 

minutes.  FN-f stimulation (1uM for 30min) was used as a positive control.  Kinase 

phosphorylation was measured by immunoblotting total lysates with phospho-specific 

antibodies.  Total protein blots are shown as loading controls. 
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MMP-13 production at any dose.  Human OA and RA synovial fibroblasts were also 

treated with MIF (5-500ng/mL) overnight, and MMP-1 production was measured in the 

conditioned media by immunoblotting (Fig 2B).  IL-1β (10ng/mL) strongly stimulated 

MMP-1 production in the synovial fibroblasts, but MIF did not. 

 

Due to the potential effect of the pronase and collagenase digestion during the 

chondrocyte isolation process on the MIF receptors which could have affected the 

response of isolated chondrocytes to MIF, cartilage explants were also treated with MIF.  

The explant response was measured by the proteoglycan release from the tissue in 

response to MIF or IL-1β treatment.  While IL-1β consistently stimulated proteoglycan 

release from cartilage explants, MIF did not have a consistent effect (Fig 3A). Because 

our previous data demonstrated that individual human donors released variable amounts 

of MIF from unstimulated cells, the amount of MIF released from the unstimulated 

explant was plotted against the fold change in proteoglycan release stimulated by MIF in 

the explant from the same donor (Fig 3B).  In samples from ten normal donors, there was 

no correlation between the amount of MIF released from the unstimulated explants and 

the explant response to treatment with exogenous MIF. 

 

Effect of MIF over-expression on the human chondrocyte response to inflammatory 

mediators.  

We also investigated the effect of MIF over-expression on the human chondrocyte 

response to inflammatory mediators.  In pilot experiments with the MIF adenovirus, we  
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Figure 2. Effect of MIF on MMP production in chondrocytes or synovial fibroblasts. 

A. Normal chondrocytes in monolayer were stimulated with MIF overnight.  FN-f was 

used as a positive control.  MMP-13 production was measured by immunoblotting of the 

conditioned media.  MMP-2 is shown as a loading control. Representative blots are 

shown from three individual donors. B. OA and RA synovial fibroblasts in monolayer 

were stimulated with MIF overnight.  IL-1β was used as a positive control. MMP-1 

production was measured by immunoblotting of the conditioned media.  MMP-2 is 

shown as a loading control. 
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Figure 3. Effect of MIF on proteoglycan release from human cartilage explants. A. 

Human cartilage explants were treated with 100ng/mL MIF for 48 hours. IL-1β was used 

as a positive control treatment.  Proteoglycan (PG) release was measured in conditioned 

media by DMB assay and normalized to the explant wet weight.  Horizontal lines on 

graph represent the mean of each group. Significance determined by one-way ANOVA 

followed by Tukey’s post-hoc test. N=10 individual donors. B. The amount of MIF 

released from the untreated control explants in (A) was measured by ELISA and plotted 

against the fold change in PG release stimulated by MIF from each donor. Slope of the 

line of best fit is not significantly different from zero, as determined by linear regression 

analysis. 
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determined that while the adenovirus highly increased the level of intracellular MIF, 

there was little effect on the amount of MIF released into the media.  Human 

chondrocytes over-expressing either the MIF adenovirus (adMIF) or an empty vector 

control adenovirus (adEV) were treated overnight with either FN-f (1µM) or IL-1β 

(10ng/mL).  MMP-13 was measured in the conditioned media by immunoblotting (Fig 4).  

Both FN-f and IL-1β strongly increased MMP-13 production, but there was no difference 

in the MMP-13 produced by the cells over-expressing MIF compared to the EV control. 

 

Effect of intra-articular injection of MIF expressing adenovirus. 

In order to determine if over-expression of MIF in mouse joint tissues would promote the 

development of OA, the knee joints of WT mice were injected with either PBS, adEV, or 

adMIF.  Six weeks after injection, the knee joints were analyzed for OA severity by 

articular cartilage structure (ACS) score (Fig 5).  While this was a small pilot study (n=3-

4 mice per group), intra-articular injection of adMIF did not have an effect on the severity 

of OA in these mice.  Additional immunostaining is being done in sections from these 

mice to confirm that the adenovirus was delivered to the joint and that the dose was 

sufficient to increase the level of MIF in the joint. 

 

Chondrocyte surface expression of CD74. 

Due to the lack of chondrocyte response to treatment with exogenous MIF, we 

investigated the surface expression of the MIF receptor, CD74, in native chondrocytes 

and chondrocytes over-expressing CD74.  Raji cells were included as a positive control 

for CD74 expression.  Immunoblotting of total cell lysates for CD74 demonstrated that  
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Figure 4. Effect of MIF over-expression on the chondrocyte response to FN-f or IL-

1β. Human chondrocytes transduced with MIF adenovirus (adMIF) were stimulated 

overnight with FN-F (1uM) or IL-1β (10ng/mL).  MMP-13 production was measured in 

conditioned media by immunoblotting.  MMP-2 is shown as the loading control. 
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Figure 5. Effect of intra-articular injection of MIF adenovirus on the articular 

cartilage of WT mice. Twelve-month old WT mice received intra-articular injections of 

MIF adenovirus (adMIF), empty vector adenovirus (adEV), or PBS vehicle control 

(PBS).  The contralateral knee was scored as the un-operated control.  OA severity was 

analyzed six weeks after injection by ACS score. The summed ACS score of the medial 

and lateral tibial plateau is shown.  Horizontal lines on the graph represent the mean of 

each group. 
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Raji cells do express high levels of CD74 (approximately 31kDa) (Fig 6A).  

Chondrocytes over-expressing CD74 do contain high levels of the protein in total cell 

lystaes (nucleofected CD74 approximately 35kDa).  Chondrocytes nucleofected with the 

empty vector (EV) contain minimal levels of the native protein.  Flow cytometry analysis 

showed surface expression of CD74 in Raji cells (Fig 6B) but not in EV-chondrocytes 

(Fig 6C) or in CD74-chondrocytes (Fig 6D).   

 

To determine if over-expression of CD74 would affect the chondrocyte response to 

exogenous MIF, CD74-chondrocytes were treated overnight with MIF (25, 50, or 

100ng/mL) and MMP-13 production was measured in the conditioned media by 

immunoblot (Fig 7).  While FN-f (1µM) strongly stimulated MMP-13 production in EV-

chondrocytes, MIF treatment did not increase MMP-13 production in CD74-

chondrocytes.  CD74 over-expression was confirmed by immunoblot of the total cell 

lysate. 

 

Effect of Cd74 deletion on age-related OA in mice. 

In order to determine if MIF promotes age-related OA through a CD74-dependent 

mechanism, the stifle joints of aged Cd74 -/- mice (male: 30.4±1.2 months; female: 

31.1±0.6 months) and Cd74+/- mice (male: 24.5±1.4 months; female: 23.2±1.7 months) 

were analyzed for OA severity using the articular cartilage structure (ACS) score (Fig 8).  

While the female mice of both genotypes were protected from age-related OA, there was 

no difference in the OA severity between the male Cd74-/- and Cd74+/- mice.  These  

 



138 

  

Figure 6. Chondrocytes do not express CD74 on the cell surface. A. Normal 

chondrocytes were nucleofected with CD74 plasmid or empty vector (EV) control. Raji 

cells were included as a positive control.  CD74 was measured in the total cell lysate by 

immunoblotting.  B-actin is shown as a loading control. B. Surface expression of CD74 

was measured by flow cytometry in Raji cells stained with CD74-FITC (blue) or IgG-

FITC (green).  C. Surface expression of CD74 in EV-chondrocytes stained with CD74-

FITC (blue) or IgG-FITC (green).  D. Surface expression of CD74 in chondrocytes over-

expressing CD74 stained with CD74-FITC (blue) or IgG-FITC (green). Representative 

results are shown from three individual donors. Flow cytometry data were analyzed by 

FlowJo software.  
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Figure 7. Effect of CD74 over-expression on the chondrocyte response to MIF. 

Normal chondrocytes over-expressing CD74 were stimulated with MIF overnight.  FN-f 

was used as a positive control.  MMP-13 production was measured by immunoblotting of 

the conditioned media.  MMP-2 is shown as a loading control. Representative blots are 

shown from three individual donors. 
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results indicate that the mechanism by which MIF promotes naturally occurring age-

related OA is independent of CD74. 

 

Effect of intracellular MIF on menadione-induced cell death. 

Due to the potential relationship between MIF and oxidative stress, chondrocytes were 

treated with menadione, a quinone which induces high levels of oxidative stress and 

causes cell death.  Menadione treatment (25µM) induced cell death more quickly in 

chondrocytes over-expressing MIF than in chondrocytes over-expressing the empty 

vector (Fig 9).  Cleaved caspase-3 and -9 and cleaved poly ADP ribose polymerase 

(PARP) immunoblots of total cell lysates from these experiments did not identify a 

mechanism by which MIF accelerated menadione-induced cell death (data not shown). 

 

Effect of Mif deletion on the cartilage response to menadione. 

To further investigate the effect of intracellular MIF on the chondrocyte response to 

menadione, femoral cap cartilage explants from Mif-/- and WT mice were treated with 

menadione (25µM) for 30 minutes.  Menadione-induced phosphorylation of p38 was 

measured by immunoblotting of total lysates from 3 pooled explants (Fig 10A).  While 

the results from the first replicate indicated that the lack of MIF inhibited menadione-

induced p38 phosphorylation, the results from the second and third replicates 

demonstrated no consistent response to menadione treatment (densitometry in Fig 10B). 
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Figure 8. Aged mice with Cd74 deletion are not protected from naturally occurring 

age-related OA.  Articular cartilage structure (ACS) scores in Cd74+/- (males aged 

24.5±1.4 months and females 23.2±1.7 months) and Cd74-/- mice (males aged 30.4±1.2 

months and females aged 31.1±0.6 months). Mid-coronal stifle sections were scored 

using the ACS score. Male Cd74+/-: 6.57±1.85 (mean±SEM), n=7; Male Cd74-/-: 

8.00±1.54, n=9; Female Cd74+/-: 0.60±0.25, n=5; Female Cd74-/-: 1.56±1.08, n=9. 

Average ACS scores were corrected for age and significance was determined by 

ANCOVA within each gender group. 
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Figure 9. Effect of MIF over-expression on menadione-induced cell death in 

chondrocytes. Normal chondrocytes that had been transduced with the empty vector 

adenovirus (adEV) or MIF adenovirus (adMIF) were treated for 3, 6, or 9 hours with 

menadione (25µM) or DMSO (vehicle control).  Cell viability was measured by the 

calcein/ethidium cell viability assay.  N=5 individual donors for 0, 3, and 6 hour time 

points; n=3 individual donors for 9 hour time point. Significance was determined by t-test 

within each treatment time point. 
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Figure 10. Effect of intracellular MIF on the cartilage explant response to 

menadione. A. Femoral cap cartilage explants isolated from 4-week old mice were 

stimulated with menadione (25uM) for 30 minutes.  Three explants were pooled per 

sample. Protein phosphorylation was measured by immunoblotting of total lysates with 

phospho-specific antibodies.  β-tubulin is shown as a loading control.  B. Densitometric 

analysis of three individual experiments. 
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Effect of Mif deletion on the cartilage and bone response to FN-f. 

In order to determine if the presence of MIF affected the chondrocyte response to 

inflammatory mediators, femoral cap cartilage explants from 4-week old Mif-/- and WT 

mice were treated with FN-f (1µM) for 48 hours.  The active MMP-13 levels in the 

conditioned media were measured by ELISA (Fig 11A).  When compared to the 

untreated control, FN-f treatment significantly increased the production of MMP-13; 

however, there was no difference between the FN-f induced MMP-13 levels in WT 

compared to Mif-/- explants.  Due to the role of subchondral bone in the joint, this explant 

study was repeated to compare the FN-f response of femoral cap cartilage explants to 

femoral cap bone explants (Fig 11B).  As before, FN-f significantly increased production 

of active MMP-13 in both WT and Mif-/- femoral cap cartilage explants, but there was no 

difference between genotypes.  FN-f treatment also significantly increased active MMP-

13 production in WT bone explants.  While the increase was not significant in the Mif-/- 

bone explants, there was a trend toward an increase in active MMP-13 production with 

FN-f treatment. 
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Figure 11. Effect of Mif deletion on the cartilage and subchondral bone response to 

FN-f. A. Femoral cap cartilage explants from 4-week old Mif-/- and WT mice were 

stimulated with FN-f overnight.  Active MMP-13 was measured in the conditioned media 

by ELISA. Significance was determined by one-way ANOVA. B. Femoral cap cartilage 

and subchondral bone explants from 4-week old Mif-/- and WT mice were stimulated 

with FN-f overnight.  Active MMP-13 was measured in the conditioned media by 

ELISA. Horizontal lines on the graph represent the mean of each group. Significance was 

determined by t-test within each genotype and tissue type. 
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SUMMARY 

In the studies presented here, we treated monolayer and explant cultures of cells isolated 

from joint tissues with recombinant MIF with no measurable effect on intracellular 

signaling pathways or MMP production.  We also determined that over-expression of 

MIF in human chondrocytes did not affect level of FN-f or IL-1β induced MMP-13 

production.  Intra-articular injection of the MIF adenovirus into the knee joints of WT 

mice did not affect the severity of OA in these mice, as measured by the ACS score.  Due 

to the lack of response of chondrocytes to exogenous MIF treatment, we used flow 

cytometry to measure the amount of CD74 on the cell surface and found that 

chondrocytes do not express CD74 on the cell surface.  Furthermore, over-expression of 

CD74 did not affect the chondrocyte response to exogenous MIF.  We also found that 

Cd74-/- mice were not protected from naturally occurring age-related OA, suggesting that 

the role of MIF in age-related OA is independent of CD74.  We determined that MIF 

over-expression in human chondrocytes accelerated menadione-induced cell death but 

were not able to identify a mechanism by which this effect occurred, as the lack of Mif in 

mouse femoral cap explants did not affect menadione-induced p38 phosphorylation.  

Additionally, the lack of Mif did not affect the amount of FN-f induced active MMP-13 

produced by either mouse femoral cap cartilage or bone explants.   

 

Taken together, these results suggest that cells in the joint tissues do not respond to 

exogenous MIF, possibly due to the lack of surface expression of CD74, and that the role 

of MIF in age-related OA is independent of CD74.  Additionally, the intracellular level of 
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MIF may influence the chondrocyte response to conditions of oxidative stress, but the 

mechanism by which this occurs has not yet been identified. 
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- Atomic absorption spectroscopy 

Adviser: Dr. W. Lin Coker 

 

National Science Foundation-Research Experience for Undergraduates (NSF-

REU), May 2008-August 2008 

University of Kentucky 

Research area: The potential Rit effectors Goα and Rab-GDI 

Select lab skills: 

- Cell transfection and protein analysis by immunoblotting 

Adviser: Dr. Doug Andres 

 

TEACHING & MENTORSHIP EXPERIENCE 

 

Mentor to junior research students, 2011-2015 

The University of North Carolina at Chapel Hill 

Wake Forest University 

Mentor to junior graduate students and undergraduates in the Loeser lab 

 

Guest Lecturer, February 2015 

North Carolina Wesleyan College 
Taught a lecture on cartilage biology and osteoarthritis for a Histology class  

 

Guest Lecturer, November 2011 

Winston-Salem State University 

Taught a unit on protein structure and function for a Biochemistry class  

 

Cell and Molecular Biology Lab Assistant, January 2010-April 2010 and 

January 2009-April 2009 

Campbell University 

Functioned as the primary instructor for a lab section of Cell and Molecular Biology  

 

General Chemistry Lab Assistant, August 2009-December 2009 

Campbell University 

Functioned as the primary instructor for a lab section of General Chemistry  

 

General Chemistry Lab Helper, August 2007-April 2008 and August 2008-

December 2008 

Campbell University 
Assisted the Lab Instructor by answering students’ questions and keeping lab supplies 

stocked 
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Cell and Molecular Biology Tutor, January 2008-April 2008 

Campbell University 
Tutored a Cell and Molecular Biology student 

 

PUBLICATIONS   

 

Rowe, M.A., Harper, L.R., McNulty, M.A., Livingston, E.W., Lau, A.G., Bateman, 

T.A., Carlson, C.S., Bucala, R.J., Miller, R.A., and Loeser, R.F. Deletion of 

Macrophage Migration Inhibitory Factor Reduces Severity of Osteoarthritis in Aged 

Mice. (In preparation) 

 

Collins, J.A., Wood, S.T., Nelson, K.J., Rowe, M.A., Carlson, C.S., Chubinskaya, S., 

Poole, L.B., Furdui, C.M., Loeser, R.F. Mitochondrial Oxidative Stress Promotes 

Peroxiredoxin Hyperoxidation and Attenuates Pro-Survival Signalling in Aging 

Chondrocytes. Manuscript under revision, Journal of Biological Chemistry. 

 

Greene, M.A., Loeser, R.F., Aging-Related Inflammation in Osteoarthritis. 

Osteoarthritis Cartilage 23 (2015) pp. 1966-71, PMID: 26521742 

 

Greene, M.A., Loeser, R.F., Function of the chondrocyte PI-3 kinase-Akt signaling 

pathway is stimulus dependent. Osteoarthritis Cartilage 23 (2015) pp. 949-956, 

PMID: 25659655 

 

PRESENTATIONS 

 

Greene, Meredith and Richard Loeser, Function of the Chondrocyte PI-3 Kinase-

Akt Signaling Pathway is Stimulus Dependent. 2015 Osteoarthritis Research Society 

International meeting (abstract #218, poster) 

 

Greene, Meredith, Alexandra Roland, Laura Pritzker, Cathy Carlson, Richard 

Bucala, Richard Miller, and Richard Loeser, Deletion of Macrophage Migration 

Inhibitory Factor Reduces Severity of Osteoarthritis in Mice. 2014 Osteoarthritis 

Research Society International meeting (abstract #88, poster) 

 

Greene, Meredith and Richard Loeser, Function of the Chondrocyte PI-3 Kinase-

Akt Signaling Pathway is Stimulus Dependent. 2013 Orthopaedic Research Society 

meeting (abstract #1285, poster)  

 

Loeser, Richard and Meredith Greene, Function of the Chondrocyte PI-3 Kinase-

Akt Signaling Pathway is Stimulus Dependent. 2012 A&R 64:10 S3-4 (abstract #9, 

poster) 

 

Greene, Meredith and W. Lin Coker, The analysis of lead absorption in Arabidopsis 

thaliana by atomic absorption spectroscopy. Collegiate Academy of the North 

Carolina Academy of Science meeting, April 2010 (poster) 

 



152 

  

RESEARCH SUPPORT 

 

F31 AG046990 (PI: Greene)    12/08/2013-12/07/2016 

Pre-doctoral fellowship funded by the National Institute on Aging (NIA) within the 

NIH 

“The Role of Macrophage Migration Inhibitory Factor in Osteoarthritis” 

The major goal of this project is to determine the role of the inflammatory cytokine 

macrophage migration inhibitory factor in the development of osteoarthritis. 

 

PROFESSIONAL MEMBERSHIPS 

 

Orthopaedic Research Society (member since 2012) 

Osteoarthritis Research Society International (member since 2013) 

 

HONORS & AWARDS 

 

Molecular Medicine and Translational Science Program Travel Award 

Wake Forest University MMTS Program, 2013 and 2014 

 

2012-2013 Alumni Student Travel Award 

Wake Forest University, Graduate School of Arts and Sciences, 2013 

 

Summa cum Laude graduate 

Campbell University, May 2010 

 

The Algernon Sydney Sullivan Award 

Campbell University, May 2010 

 

Edna Q. Proffit Award for Excellence in Chemistry Research 

Campbell University, May 2010 

 

2nd place, Poster Presentation 

Collegiate Academy of the North Carolina Academy of Science meeting, April 2010 

 

National Science Foundation Research Experience for Undergraduates (NSF-

REU) 

University of Kentucky, May 2008-July 2008 

 

Phi Kappa Phi Honor Society 

Inducted spring 2007 
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