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ABSTRACT 

 After decades of research, the therapeutic mechanism of mesenchymal stem cells 

(MSC) remains unknown. While most agree that paracrine function is likely, little is 

known about the influence of cellular or tissue contact. Our objective was to develop a 

model of synovitis of the equine articular joint to further understand the role of cell-to-

cell contact on MSC function. We tested four conditions (co-culture, transwell, 

conditioned media and co-culture with a cartilage explant) and found that contact with 

synovial cells (SCs) and chondrocytes in the presence of interleukin 1-beta (IL1-β) 

significantly altered cellular secretions. We then added synovial fluid to the cartilage co-

culture model to examine the effects on MSCs and dermal fibroblasts (DFs). Compared 

to DFs, MSCs induced increased prostaglandin E2 (PGE2) in all conditions of contact, 

increased interleukin-6 (IL-6), decreased interleukin-10 (IL-10) and increased growth-

related oncogene (GRO) in conditions of co-culture with and without a cartilage explant. 

The addition of synovial fluid to the cartilage co-culture had little effect on cytokine 

production, but resulted in SC death, mediated by an anti-bovine serum albumin (BSA) 

antibody. While soluble factors contribute to communication between SCs, MSCs, and 

chondrocytes, direct contact with MSCs altered the cellular function and secretome of 

SCs and MSCs. This work suggests that cross-talk in combination with cell-to-cell 

contact between MSCs, synovial cells and chondrocytes is important for MSC 

immunomodulation. While there is still much to discover about the MSC secretome and 

how paracrine signaling contributes to MSC function in tissue repair, this work sheds 

light on the complexity of cell-to-cell communication in the joint environment. 
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BME  2-Mercaptoethanol 

BMP Bone morphogenic protein 
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EV Extracellular vesicle 
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FGF  Fibroblastic growth factor 

FITC Fluorescein isothiocyanate  

GAG Glycosaminoglycan 

GMP Good manufacturing practices  

GRO Growth related oncogene 

HRP Horseradish peroxidase 

IFN-γ Interferon-gamma 

IgE Immunoglobulin E 

IgG Immunoglobulin G 

IL-4 Interleukin-4 

IL1-β Interleukin 1-beta 

IL-6  Interleukin-6 

IL-8 Interleukin-8 

IL-10 Interleukin-10 

IL-13 Interleukin-13 

IFN-γ Interferon gamma 

MEM Minimum Essential Medium 

MMP-13 Matrix metalloproteinase-13 

MSC  Mesenchymal stem cell 

PAMP Pathogen associated molecular pattern 
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PBST Phosphate buffered saline + Tween  

PGE2 Prostaglandin E2 

PRR Pattern recognition receptor 

RT-qPCR Real time quantitative reverse transcriptase PCR 

SVF  Stromal vascular fraction  

TBST Tris buffered saline + Tween 

TCEP Tris (2-carboxyethyl) phosphine 

TLR Toll-like receptor 

TNF-α Tumor necrosis factor alpha 
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CHAPTER I  

INTRODUCTION  

 

Stem Cell Therapy for Joint Disorders 

Joint disease is extremely common and can result from autoimmunity, tissue 

injury and age. There are several types of joint diseases, including degenerative joint 

disease, inflammatory joint disease, and other less common joint diseases such as gout 

and joint infection. Degenerative joint disease is comprised of the diagnosis of 

osteoarthritis (OA). Inflammatory joint disease is comprised of the diagnosis of 

rheumatoid arthritis (RA), ankylosing spondylitis, and psoriatic arthritis (1). In OA, 

injury and aging process initiates the degeneration and inflammation of the joint, 

whereas, in RA the immune system mediates the destruction of the joint through 

autoantibodies directed against the joint tissues (2).  

Despite different disease etiologies between OA and RA, in both cases, 

inflammation causes damage to articular cartilage within joints. The prevalence of RA in 

humans is near 1%, and it is characterized by synovitis, swollen joints and other 

systemic symptoms such as fatigue, anemia and weight loss (3). Compared to OA, the 

onset is faster, symptoms are systemic rather than local, and current treatments include 

disease modifying anti-rheumatic drugs (DMARDs) and biologic treatments instead of 

just pain management (2). In humans, OA is known to be a leading cause of disability 

which is particularly prominent in the knee and often leads to the need for joint 

replacement. It is the most prevalent disease of the adult articular joint (4), with extreme 
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financial burden (5) (6).  In horses, it is also known to be a major cause of lameness and 

often occurs spontaneously (7). This has a major impact on the athletic careers and 

general wellbeing of the animals. Unfortunately, there is currently no treatment that can 

replace the damaged tissue and arthritis progresses further causing pain and debilitation. 

Modern therapies aim to stop the progression of inflammation in both RA and OA and 

possibly regenerate new cartilage.  

Mesenchymal stem cell therapies are currently available in human and veterinary 

medicine, however, the mechanisms of how the stem cells therapeutically alleviate joint 

disease remain unknown.  The long-term goal of this dissertation research is to 

understand the mechanism of action of the stem cells in the joint and establish the most 

efficacious treatments for tissue repair and regeneration. Both in-vivo and in- vitro 

studies aim to elucidate the mechanisms of action and gain better understanding of how 

to harness the regenerative power of stem cells. The overall objective of this research is 

to understand how MSCs function in the inflamed equine joint and contribute to the 

development of more functional therapeutic options.  

Horses provide an appropriate model for translational studies of MSC therapy for 

joint injury and disease due to similarities in structure, strain and athleticism to humans. 

A recent study emphasized the use of equine models for microscopic examination of the 

effect of mechanical load at interface of bone and cartilage, which is not accurately 

mimicked in rodent models (8). Equine models of cartilage repair have shown that 

horses have similar thickness of articular cartilage and subchondral bone to humans, and 

that cartilage defect models in the horse can be used to successfully test the effect of 
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MSC treatment in-vivo (9). Naturally occurring arthritis is also common in horses, as in 

humans, providing another tool for translational study of MSC therapy (7). These 

applications are valuable in both human and veterinary medicine, emphasizing the utility 

of the horse as a translational model for studying joint damage and repair.  

Joints are important structures that connect the bones of the skeletal system and 

provide support for the weight of an individual, allowing movement and preventing 

damage resulting from friction between bones. Damage to joints leads to pain, lack of 

mobility and inability to perform basic functions. One of the most studied and utilized 

MSC therapy includes the treatment of OA, which is common in many species (10) 

including humans (11) and horses (7).  

 

Joint Structure, Function and Dysfunction 

The articular joint is composed of a synovial capsule containing synovial tissue, 

cartilage, bone, ligaments and muscles. Joint function is based on the activity of cells in 

the joint, particularly synovial cells, chondrocytes, and underlying (subchondral) bone. 

Synovial cells produce synovial fluid to lubricate the joint, secrete cytokines and 

chemokines that participate in normal joint remodeling and participate in inflammation, 

resolution of inflammation and phagocytic activity to remove waste and debris (Figure 

1). In the synovial lining, synovial macrophages have specialized roles in joint 

homeostasis and regulation of inflammation (12) (13) In the sub-lining layer, synovial 

fibroblasts secrete hyaluronic acid (HA) to provide viscosity and proteoglycan 4 

(lubricin/PRG4) which regulates joint inflammation and synoviocyte proliferation (14). 
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Chondrocytes participate in homeostasis of extracellular matrix and cartilage turnover to 

ensure maximum functionality under optimal conditions. They synthesize and secrete 

proteins that make up the extracellular matrix (collagen, proteoglycans) and respond to 

stimuli such as damage and signals that regulate normal degradation and synthesis of 

cartilage (15). 

 

 

Figure 1. Cells within the synovial joint communicate through cellular signaling. In the 
lining and sub-lining layers, macrophage (green) and fibroblast like (blue) synoviocytes 
make up the tissue that surrounds the joint capsule. Chondrocytes (pink) within the 
articular cartilage communicate with other cells through the exchange of cytokines, 
chemokines and other chemical signals to maintain homeostasis and regulate 
inflammation. Mesenchymal stem cells (resident or therapeutic) participate in cellular 
communication with local cells to drive normal joint turnover and modulate 
inflammation. Mesenchymal stem cells are produced in the bone marrow. Created with 
BioRender.com 
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A problem arises when conditions within the synovial joint are not optimal due to 

injury, age or disease, leading to inflammation, followed by synovitis and eventual 

progression to arthritis. In recent years, OA has been implicated as an inflammatory 

condition, similar to rheumatoid arthritis (RA), but originating from age or injury rather 

than autoimmunity. While originally thought to be driven by chondrocytes within the 

articular cartilage, it is now understood that cells within the synovial tissue and 

subchondral bone communicate, and all have a role in initiating and mediating 

inflammatory processes (15).  

In OA, initial inflammation causes synovitis, which is mediated by synovial 

macrophages, fibroblasts and chondrocytes. There is intricate signaling between resident 

and infiltrating cells that orchestrate a coordinated and continuous inflammatory 

response (16). Synovial macrophages secrete pro-inflammatory cytokines IL1-β, TNF-α, 

and IL-6 which activate synovial fibroblasts to secrete proteases that degrade the 

articular cartilage. Synovial cells also recruit infiltrating synovial fibroblasts and other 

immune cells which, along with chondrocytes, enhance secretion of the same pro-

inflammatory cytokine milieu of interleukin 1-beta (IL1-β), interleukin-6 (IL-6) and 

tumor necrosis factor-alpha (TNF-α) that increase expression and secretion of matrix 

metalloproteases (MMPs) which degrade the extracellular matrix leading to continued 

inflammation, secretion of more pro-inflammatory cytokines and further damage (15). A 

recent study using single cell RNA-sequencing in joint tissue from patients undergoing 

joint replacement showed that some cytokines (TNF, IL1-β and IL-6) are secreted 
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exclusively by synoviocytes, illustrating the importance of communication between 

synoviocytes and chondrocytes in the development of OA (17). 

Subchondral bone also communicates with the joint environment, playing a role 

in the pathogenesis of OA. Importantly, cross-talk between bone and cartilage 

contributes to the pathogenesis of OA and pain associated with damage to cartilage (18).  

Synovial cells also contribute to bone changes in OA through secretion of bone 

morphogenic proteins (BMPs) that contribute to bone remodeling and osteophyte 

formation (19). Subchondral bone sclerosis and osteophytes are hallmark features of OA, 

resulting from communication at the osteochondral junction where synovial fluid can 

contact bone and cartilage cells in areas of damage, recruiting cells to secrete cytokines 

that direct bone remodeling (20).  

 

The Role of Innate Inflammation in Osteoarthritis 

When disrupted by acute injury, overloading or age, complex interplay between 

synovial macrophages and fibroblasts creates a cascade of inflammation and degradation 

of the articular cartilage that protects subchondral bone and facilitates movement. Initial 

damage is recognized by pattern recognition receptors such as toll like receptors (TLRs) 

on macrophages as damage associated or pathogen associated molecular patterns 

(DAMPs or PAMPs), activating downstream pathways (NFκB) to secrete pro-

inflammatory cytokines and chemokines (21). Toll-like receptors and complement 

activation, part of the innate immune system, play a role in cartilage degradation 

resulting in release of inflammatory mediators that contribute to catabolism of cartilage 
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(22). The complement cascade, which is influenced by pro-inflammatory cytokines, has 

been shown to participate in the pathogenesis of OA (23). 

 Many studies aim to discover and target anti-inflammatory pathways to resolve 

inflammation and reduce cartilage destruction. Recently, resident macrophages were 

shown to suppress secretion of IL1-β through a pathway involving IL-10 inhibition of 

IL1-β processing. (24). Anti-inflammatory actions of IL-10 involve chondroprotective 

effects such as reduced apoptosis and expression of cartilage degrading enzymes (25). In 

a recent study in horses, overexpression of IL-10 led to decreased expression and 

secretion of pro-inflammatory cytokines and cartilage degrading enzymes by MSCs and 

chondrocytes stimulated with TNF-α or IL1-β (26). 

 

Macrophage Subtypes 

Macrophages are important in innate immunity for both homeostasis and 

regulation of inflammation, and their phenotype determines their secretion of cytokines 

that result in exacerbation or resolution of inflammation. Synovial macrophages act as 

immune cells in the synovial joint and their activation or polarization to a particular 

phenotype (M1 or M2) is driven by the surrounding environment. The M1 phenotype 

occurs in a pro-inflammatory environment (IL1-β, TNF-α) after activation by TLRs 

while polarization to M2 (anti-inflammatory) is based on the present balance of 

cytokines (IL-4, IL-6, IL-10, IL-13, IFN-γ) (27). However, rather than a clear definition 

how cytokines activate polarization to a particular phenotype, recent research has shown 

that macrophages display great plasticity, and there are many more factors that 
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contribute to polarization than previously thought (27).  A recent systematic review of 

macrophage phenotype in OA emphasized that they should be further categorized with 

emerging technologies to accurately identify specific roles of each subtype (28). There is 

much current research involving macrophage polarization phenotypes and these studies 

have uncovered new complexities in how synovial macrophage phenotypes affect 

function and regulation of homeostasis and inflammation (12).  Exciting progress has 

been made in recent years involving our understanding of macrophage polarization. One 

important study uncovered the existence of a population of epithelial-like resident 

macrophages that form an immunological barrier in the synovial lining through tight 

junctions that are not derived from monocytes and express CX3CR1, a receptor for the 

chemokine fractalkine, which is involved in cellular recruitment and activation (13). In 

another recent publication with chimeric mice, gain and loss of function studies 

uncovered important cellular pathways and revealed that tissue resident macrophages 

engage in efferocytosis of apoptotic cells and recruit granulocytes that produce reactive 

oxygen species, which contributes to tissue regeneration. These discoveries are a 

tremendous contribution to the understanding of OA pathology and tissue regeneration.  

 

Cellular Metabolism  

Mammalian cells need nutrients and amino acids for growth and proliferation, as 

they are unable to biosynthesize all of the nutrients required for proliferation and cellular 

function (metabolic and communicative). Therefore, these are acquired by use of 

transporters, which bring in glucose, amino acids and other small molecules, along with 
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endocytosis and micropinocytosis. These processes are regulated by growth factors and 

sensors that may be intrinsic or extrinsic to the cell (29). Endocytosis can be described 

broadly as the formation of internal membranes from the outer plasma membrane of a 

cell. It includes phagocytosis, autophagy and micropinocytosis and is controlled by a 

number of pathways that lead to nutrient acquisition, cell signaling, antigen presentation, 

adhesion, migration, growth, differentiation, and receptor expression (30).  Endocytosis 

is also important in the internalization and formation of vesicles that may be recycled in 

lysosomes or secreted as extracellular vesicles (EVs) (31). Macropinocytosis is now 

recognized as an important means for antigen processing and presentation. Innate 

immune cells have recently been attributed to utilizing micropinocytosis as part of their 

surveillance machinery (32). Innate immune cells, such as synovial macrophages, likely 

use micropinocytosis to engulf antigens and other molecules to drive the pathogenesis of 

arthritis. 

 

Fetal Bovine Serum in Cell Culture 

  Cell culture and expansion is necessary for laboratory research and therapeutic 

use of mammalian cells. The gold standard for mammalian cell expansion is media 

supplementation with fetal bovine serum (FBS), which contains growth factors and 

proteins that support cell proliferation. However, FBS contains xenogeneic proteins 

which creates an opportunity for immune recognition by processing and recognition by 

the immune system. It has been shown that intra-articular injection of FBS supplemented 

MSCs results in adverse clinical responses (effusion, edema, lameness) in horses (33) 
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(34).  Due to ethical, safety and production concerns, the use of serum replacements or 

serum free media is being explored (35).  For therapeutic MSCs, our group developed a 

system in which cells are starved of FBS and supplemented with media containing 10% 

autologous serum 48 hours prior to cryopreservation. Although the majority of bovine 

proteins are expelled within that time frame, we found that bovine proteins were still 

present in the cells after FBS starvation at 48 hours (34). Additionally, due to 

vaccination, horses possess anti-bovine antibodies that may induce cellular cytotoxicity 

and MSC death in cells grown in FBS supplemented media (33). Reduced cell viability 

is likely to alter the efficacy of therapeutic MSCs and any in-vitro studies of OA in 

which MSCs are exposed to synovial fluid or serum containing antibodies are likely to 

be affected by reduced viability due to cell or antibody mediated cytotoxicity. To resolve 

this problem, our group has developed and tested a xenogen-free culture supplement 

from bone marrow supernatant (BMS) with improved clinical outcomes in-vivo and no 

cell death in vitro compared to FBS supplemented cells after exposure to anti-bovine 

antibodies (33). 
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Figure 2. Cellular metabolism and antigen presentation. Mammalian cells maintain 
homeostasis and participate in immune responses through the uptake of nutrients and 
other small molecules by use of various channels and transporters, micropinocytosis, 
packaging and exocytosis of extracellular vesicles. Proteasomes process peptides for 
antigen presentation or lysosomal recycling. Bovine antigens (green) are taken up, 
processed and potentially presented on the cell surface by MHCI or adhered to the cell 
surface for recognition by the immune system. Cytokines (red) may also be secreted or 
degraded by lysosomes. Created with BioRender.com 
 

 

Intercellular Communication in the Synovial Joint 

Within the joint, juxtacrine (contact-dependent) signaling is important for 

homeostasis and regulation of inflammation. In the Notch signaling pathway, the Notch 

protein extends from the membrane to bind with proteins that extend from an adjacent 

cell, initiating cleavage by a protease and transport of the intracellular domain to the 
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nucleus for activation of transcription (36) (37). Communication between resident 

synovial macrophages and fibroblasts through Notch signaling has been shown to 

participate in the pathogenesis of inflammatory arthritis (38). Additionally, MSCs 

express, secrete and communicate through Notch signaling (39).  In another form of 

juxtacrine signaling, gap junctions allow small molecules such as calcium, adenosine 

triphosphate (ATP) and prostaglandin E2 (PGE2) to pass to adjacent cells in gap-

junctional intercellular communication (GJIC) (39). Chondrocytes have been shown to 

communicate and exchange nutrients through gap junctions to maintain homeostasis 

(40). Additionally, chondrocytes, bone cells and synovial cells exchange signaling 

molecules through channels formed by connexin 43 (Cx43), resulting in crosstalk 

between cells in the synovial joint (41). Cross-talk involving IL-6 between chondrocytes 

and synovial fibroblasts has been reported in patients with OA (42). Expression of Cx43 

has been shown to be regulated by the exchange of calcium, which is influenced by IL1-

β present during inflammation (43). Calcium is a crucial second messenger that 

participates in an extensive amount of signaling processes, operating in a wide range of 

time frames and aiding to controlled expression of proteins that participate in these 

signaling pathways (44).   

Paracrine signaling, which involves the exchange of materials between cells or 

cells and their environment without direct contact, is crucial for normal joint function 

and immunomodulation. Cells deliver chemical signals such as cytokines and 

chemokines through the use of vesicles that are released into the extracellular 
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environment. The coupling of endocytosis and exocytosis is critical for vesicle formation 

and release (45). 

In-vitro models have been used to study paracrine signaling by MSCs and recent 

work has demonstrated that pre-conditioning equine MSCs with tumor necrosis factor 

alpha (TNF-α) and/or interferon gamma (IFN-γ) increased their capacity to inhibit T-cell 

proliferation in-vitro, which supports the notion that paracrine activity is important for 

MSC immunomodulation (46). Transwell membranes have been utilized in-vitro to 

explore how cells behave when they are not in direct contact, and studies illustrate that 

both paracrine signaling and direct cell-to-cell contact are important (47).  

 

The Future of Regenerative Medicine 

Although MSC therapy for regenerative medicine is heavily studied and is 

already clinically applied for the treatment of OA, there is no federal regulatory 

marketing approval in the United States. This is likely due to discrepancies in 

preparation technique and efficacy of allogeneic versus autologous MSC therapy. There 

are numerous studies testing the efficacy of each in humans (48) and horses (49), both 

with promising outcomes. However, allogeneic therapies may not be as efficacious as 

previously thought, due to recognition by the host immune system  (50) (51) (52).  Based 

on our group’s clinical experience, autologous therapies come with a time delay and 

high expense due to isolation and expansion, plus the effect of patient health and age 

must be considered. Given the challenges in both, alternative methods of delivering 

MSC therapy are being examined.   
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Cell-free therapy avoids immune recognition of allogeneic cells and bypasses the 

need for autologous MSC therapy. Development of cell-free therapy, which has become 

a focal point, involves harnessing the MSC secretome, including EVs and exosomes 

containing soluble factors that participate in tissue repair, cellular proliferation and 

immune modulation (53) . Although other cell free therapies, such as platelet rich plasma 

(PRP) and stromal vascular fraction (SVF) have been explored, recent focus is directed 

at MSC secretions that can deliver signaling molecules and influence gene expression of 

local cells (4).  Exosomes are membrane bilayer enclosed vesicles packaged with lipids, 

proteins and nucleic acids that can be exchanged through paracrine signaling for 

homeostasis, but they become altered during OA and have thus become a target for 

therapeutic strategies (54). Clinical use of MSC secretions have yielded encouraging 

results, but there is much more to be understood before therapeutic treatments can be 

developed due to differences in MSC secretions between individuals and adherence to 

federal regulations (55). A recent study treated equine chondrocytes with MSC derived 

EVs during exposure to IL1-β and TNF-α and found a reduction in matrix 

metallopeptidase-13 (MMP-13) (56), one of the key enzymes of joint degradation in OA.  

Another publication showed that exosomes derived from MSCs treated with TNF-α and 

IFN-γ promoted regulatory T-cell (Treg) differentiation from peripheral blood 

mononuclear cells (PBMCs) (57). While this evidence is promising for the utilization of 

cell-free therapy, these treatments likely have reduced efficacy due to lack of juxtacrine 

communication between implanted MSCs and the local cells. It is possible that without 
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cellular contact, cross-talk between signaling pathways is reduced so that cell-free 

therapies will not achieve the same effect as viable cells. 

A critical gap in our knowledge is how the MSCs or secretomes exert their effect 

in the articular joint. In-vitro evidence demonstrates that paracrine signaling occurs 

through secretion of mediators and EVs containing soluble mediators working through 

trophic mechanisms of immunomodulation or stimulation of endogenous progenitors 

(58). It has been shown that MSCs recruit endogenous progenitors, rather than persisting 

in the joint 30 days after MSC injection (50). In one study from our group, colony 

forming units (CFU) from the synovial fluid of allogeneic MHC matched MSC injected 

equine metacarpophalangeal joints proved to be of recipient origin rather than donor 

(50). It is not clear however whether the presence of viable cells with continued 

secretion of chemokines was necessary because synovial fluid was collected 30 days 

after injection.   

In-vitro models of MSC interaction within the articular joint are useful for 

studying cellular communication in inflammation. Co-culture systems, including direct 

(cellular contact) and indirect (separation with a transwell membrane) have contributed 

greatly to the problem of cartilage injury and repair with respect to the regeneration of 

cartilage and understanding the pathogenesis of arthritis. Some have explored MSCs in 

co-culture with articular chondrocytes to aid in the regeneration of cartilage (59) (60) 

(60), while others have shown that cartilage formation in co-cultures results from 

paracrine signaling rather than differentiation (61). This has led to some discrepancies 
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about the paracrine function of MSCs in tissue repair. We aim to explore how different 

contact mechanisms affect MSC function in early synovitis.  

If we understand the underlying mechanisms of MSC action in the inflamed 

synovial joint, we can develop better treatments, making it possible to identify which 

molecules that MSCs exert their effect. Because one universal therapy cannot be applied 

to each possible application of MSC therapy, we need to optimize a variety of therapies, 

including MSC secretions, small molecule pharmaceuticals, cytokine primed and 

genetically modified MSCs. Gene therapy and cell-free therapies can be optimized to 

create specific treatments for many diseases. Because the function of cellular contact 

with local cells after MSC administration in horses or humans is not clearly defined, our 

aim was to develop and test a model of equine synovitis to help elucidate MSC function 

in the inflamed joint. We hypothesized that juxtacrine and paracrine signaling play a role 

in MSC therapeutic effects through immune modulation.  

In the following chapters, the effect of contact between cells will be explored, 

along with the of effect of healthy and inflamed synovial fluid on SCs co-cultured with 

cartilage explants and MSCs or DFs. Because the addition of synovial fluid affected cell 

viability, we purified an anti-bovine antibody and identified xenogeneic contamination 

in cells supplemented with fetal bovine serum during expansion. We discovered that 

contact with synovial cells and chondrocytes alters the joint secretome and confirmed 

that equine cells cultured with fetal bovine serum contain anti-bovine antibodies that 

lead to cellular cytotoxicity which may affect the efficacy of MSC treatment. We 

propose the use of an autologous culture supplement for expansion of MSCs and deeper 
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exploration of the synovitis model with the addition of synovial fluid and IL1-β to 

further investigate the role of MSCs after intra-articular injection.  

 

 



 

18 

 

CHAPTER II  

EQUINE SYNOVIAL CELLS AND MESENCHYMAL STEM CELLS IN CLOSE 

CONTACT SECRETE PRO-INFLAMMATORY CYTOKINES IN RESPONSE 

TO INTERLEUKIN 1-BETA 

 

Introduction 

Mesenchymal stem cell (MSC) based therapies are being used for the treatment 

of joint injury and disease, but many challenges remain before the full potential of 

therapeutic use of MSCs can be realized. Intra-articular injection of MSCs in horses has 

resulted in improved tissue integrity (62), reduced lameness and slowed progression of 

joint disease (63). Unfortunately, a major obstacle is that we do not fully understand the 

mechanisms of improved tissue repair and regeneration.  

Paracrine activity leading to immunomodulation rather than cell replacement is 

the current leading theory to explain how MSCs contribute to repair. However, it is 

important to best utilize MSCs to achieve the most efficacious therapeutic. Although 

cytokine, chemokine and growth factor secretion by MSCs are known to contribute to 

immunomodulation, the mechanism by which MSC function is affected by cellular 

contact within the synovial joint is unknown. Without the ability of cells to communicate 

through direct contact, many signaling cascades may be interrupted. 

Cellular therapy involves the use of autologous or allogeneic cell preparations to 

treat injury or disease. To date, many publications use allogeneic cell preparations to test 

MSC efficacy in-vivo (64). Allogeneic cells must be cross-matched to evade immune 
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recognition (65) and autologous preparations are burdened by inconsistencies in 

preparation (33). Therefore, a growing interest in cell-free therapy has emerged which 

potentially circumvents any adverse effects associated with cellular therapy.  

Cell-free therapy utilizes the MSC secretome as a therapeutic. Treatment with 

MSC derived exosomes (66), often pre-conditioned with cytokines, growth factors or 

other enrichments (67) has been evaluated in the synovial joint with positive outcomes 

but there are many hurdles. Current research is also focused on using MSC conditioned 

medium (CM) concentrates (68) or extracellular vesicles (EVs) (69) to treat diseases in 

which cellular therapy has been employed, but the efficacy of these treatments remains 

unclear.  

Our objective was to evaluate MSC function with and without cellular contact in 

an in-vitro model of the inflamed synovial joint during articular inflammation. We used 

a benchtop model of synovitis to investigate the function of MSCs versus that of skin 

fibroblasts in four different contact conditions in the early phases of inflammation. We 

hypothesized there would be differences in mitigation of inflammation by different 

model conditions and our results suggest that contact between MSCs and synovial cells 

(SCs) significantly changed their cellular function and secretome. Our concurrent use of 

conditioned medium suggests that harnessing the MSC paracrine function from a short 

time period is less effective than allowing MSC contact during inflammation. Juxtacrine 

signaling mediates many processes and without it, we expect that cellular 

communication is interrupted. Perhaps a combination of contact between cells with 

optimized cell-free therapy would result in better clinical outcomes.  
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Methods 

 
In preliminary tests, synovial cells were exposed to interleukin 1-beta (IL1-β) to 

mimic an inflammatory environment and co-cultured with MSCs or dermal fibroblasts 

(DFs) in direct contact as a control. We examined differences between cells treated with 

IL1-β compared to controls and determined that 10 ng/ml IL1-β was sufficient to elicit 

cytokine secretion from one or both cell types. The experimental model consisted of four 

conditions of contact: (1) direct contact in which MSCs or DFs were seeded on top of 

synovial cells, (2) indirect contact in which cell types were separated by a transwell 

membrane, (3) CM in which synovial cells were treated with IL-β and the CM was 

added to MSC/DF monocultures and (4) direct contact with the addition of a donor 

cartilage explant. Culture supernatant and cartilage explants were collected and stored 

for subsequent assays. Cells were lysed and stored for RNA isolation and gene 

expression analysis.  

 

Tissue Collection, Cell Isolation and Culture 

Synovial Cells 

Synovial tissue was aseptically dissected from the front and back 

metacarpophalangeal joints immediately post-mortem. Between 3 and 12 g of tissue was 

collected into a glass media bottle containing 250 ml Dulbecco’s phosphate buffered 

saline (DPBS)i supplemented with 10,000 U/ml Penicillin, 10 mg streptomycin sulfate, 

25 μg/ml amphotericin Bii. Synovium digestion was performed by incubating synovial 

tissue in 10 ml sterile filtered digest media per gram of tissue for 4 hours at 37°C with 
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gentle agitation. Digest media consisted of synoviocyte growth medium [Dulbecco’s 

modified Eagle’s mediumiii (DMEM) 4.5 g/l glucose supplemented with 10,000 U/ml 

Penicillin, 10 mg streptomycin sulfate, 25 μg/ml amphotericin B, HEPES buffer iv, and 

10% fetal bovine serum (FBS)v] and 1.5 mg type II collagenasevi  per ml digest media 

prepared. The digested tissue and media were centrifuged at 600 x G for 5 minutes at 

4°C to pellet the cells. After aspirating the supernatant, the pellet was re-suspended in 

synoviocyte isolation medium and a 100 µl sample was used to manually count 

nucleated cells with fluorescein diacetatevii and propidium iodideviii. The remaining 

volume was seeded at 10,000 cells/cm2 into tissue culture flasksix and maintained at 

37°C in 5% CO2 humidified air for 2-4 days. Cells were detached for cryopreservation 

at passage 0 with 0.25% Trypsin EDTAx, washed, counted and cryopreserved in 80% 

synoviocyte isolation media, 10% dimethyl sulfoxide (DMSO)xi, and 10% FBS.  

 

MSCs  

Sternal bone marrow was collected from each horse immediately post-mortem, 

followed by red blood cell lysis as previously described (70) and isolation and expansion 

to passage 4 as previously described (71). 

 

Dermal Fibroblasts 

Prior to dissection, a skin flap was aseptically reflected to expose the 

metacarpophalangeal joint. For each horse, six approximately 5 mm dermal punches, 

dissected by hand, were immediately placed in a 50 ml conical tube containing 35 ml 
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fibroblast isolation medium [DMEM/Ham’s F-12 50/50 supplemented with 10,000 U/ml 

Penicillin, 10 mg streptomycin sulfate, 25 μg/ml amphotericin B, HEPES buffer, 10 

µg/ml human recombinant basic fibroblastic growth factor and 10% FBS]. Punches were 

placed epidermal side down in 6 well culture dishesxii for explant culture with 3 ml 

fibroblast isolation media. After 4 days, tissues were removed, and media exchanged. 

Migrated DFs were maintained with fibroblast growth medium, which was exchanged 

three times per week. Cells were detached from tissue culture dishes with 0.25% Trypsin 

EDTA and transferred to 175 cm2 tissue culture flasks for expansion at the first passage. 

Cultures were maintained until reaching 70-80% confluence and then lifted with 0.25% 

Trypsin EDTA at each passage until reaching passage 4. Upon reaching 80% 

confluence, cells were cryopreserved in 80% fibroblast isolation media, 10% DMSO, 

and 10% FBS.  

 

Cartilage Explants 

Cartilage explants were collected from 5 horses that were euthanized for reasons 

unrelated to this study. Collection was performed immediately post-mortem. Stifle joints 

were aseptically dissected to expose the lateral and medial trochlear ridges on the femur. 

An 8 mm biopsy punchxiii was pressed into the articular cartilage to create a uniformly 

sized explant. To remove explants, a scalpel blade was passed beneath the explant to 

release it from the underlying cartilage/subchondral bone. Explants were placed into a 

glass media bottle containing 250 ml DPBS supplemented with 10,000 U/ml Penicillin, 
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10 mg streptomycin sulfate, 25 μg/ml amphotericin B and stored on ice for transport to 

the lab. Each donor horse provided explants for two co-culture experiments.  

 

 

Figure 3. Experimental model of co-culture under different conditions of contact.  Cells 
were harvested from the metacarpophalangeal joints and clean incision areas. Bone 
marrow was harvested from the sternum. Synovial cells (SCs), dermal fibroblasts (DFs) 
and mesenchymal stem cells (MSCs) were cryopreserved and later seeded onto 6 well 
plates. After overnight recovery, the cells were exposed to 10 ng/ml interleukin 1-beta 
(IL1-β) for 4 hours before treatment with MSCs or DFs. In the co-culture condition, cells 
were in direct contact while in the transwell condition, cells were separated by a 
transwell membrane that allowed media to pass between both cell types. In the 
conditioned medium condition, media was moved from the synovial cells after IL1-β 
exposure then used to seed MSCs or DFs for overnight culture. In the cartilage 
condition, cells were in direct contact with the addition of a donor cartilage explant. 
Following treatment and overnight culture, media and cell lysates were collected and 
stored for future assays.  
 

Contact Co-culture  

Cryopreserved SCs were thawed and seeded onto 6 well culture dishes at a 

density of 10,000 cells/cm2 on synoviocyte isolation media [Dulbecco’s modified 

Eagle’s medium (DMEM) 4.5 g/l glucose supplemented with 10,000 U/ml Penicillin, 10 

mg streptomycin sulfate, 25 μg/ml amphotericin B, HEPES buffer, and 10% fetal bovine 

serum (FBS)].  Following overnight recovery, all wells were washed, and media 

replaced with 2 ml control or inflamed media. Media preparations consisted of serum 
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free MSC isolation medium [ DMEM 1g/l glucose supplemented with 10,000 U/ml 

Penicillin, 10 mg streptomycin sulfate, 25 μg/ml amphotericin B, HEPES buffer, 10 

µg/ml human recombinant bFGF and 1% ITS+ Premixxiv] plus sterile 0.1% bovine 

serum albuminxv (BSA) (control media) or 10 ng/µl IL1-βxvi (inflamed media) 

reconstituted in sterile 0.1% BSA for a final concentration of 10 ng/ml inflamed media. 

The volume of BSA added to the control media was equal to the volume of IL1-β added 

to the inflamed media. After 4 hours, MSCs or dermal fibroblasts were thawed, 

resuspended in control or inflamed media and then added to each well at a density of 

5,000 cells/cm2 with a final volume of 3 ml. After 24 hours, the cell culture supernatant 

was collected and stored at -80°C for enzyme-linked immunosorbent assay (ELISA). 

Each well was then washed with DPBS before cell lysing solution, premixed with tris (2-

carboxyethyl) phosphine (TCEPxvii) at a concentration of 1%, was added according to 

the manufacturer instructions directly to each well. Culture dishes were stored at -80°C 

for later RNA isolation. 

 

Transwell Co-culture 

Synovial cells were thawed on day 1 and seeded onto the bottom wells of 6 well 

culture dishes containing transwell insertsxviii at a density of 10,000 cells/cm2.  Following 

overnight recovery, all wells were washed, and media replaced with 2 ml control or 

inflamed media. After 4 hours, MSCs or dermal fibroblasts were thawed, resuspended in 

control or inflamed media and then added to each of the transwell inserts each at a 

density of 5,000 cells/cm2 with a final volume of 3 ml. After 24 hours, the cell culture 
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supernatant was collected and stored at -80°C for ELISA. Each well was then washed 

with DPBS before cell lysing solution, premixed with TCEP at a concentration of 1%, 

was added according to the manufacturer instructions directly to each well.  Culture 

dishes containing two cell types were separated for cell lysis. After rinsing, transwell 

inserts were removed and placed into a fresh 6 well culture dish before lysing solution 

was added to the wells. Cell lysate was removed from transwell inserts and pipetted into 

clean wells. Culture dishes were stored at -80°C for later RNA isolation. 

 

Conditioned Media Experiment 

Conditioned media production was initiated by thawing synovial cells and 

seeding onto 6 well culture dishes at a density of 10,000 cells/cm2.  Following overnight 

recovery, all wells were washed, and media replaced with 2 ml control or inflamed 

media. After 4 hours, CM was collected, and 2 ml added to clean 6 well culture dishes. 

At the same time, MSCs or DFs were thawed, resuspended in control or inflamed media 

and then added to each well containing control or inflamed CM media at a density of 

5,000 cells/cm2 with a final volume of 3 ml. After 24 hours, the cell culture supernatant 

was collected and stored at -80°C for ELISA. Each well was then washed with DPBS 

before cell lysing solution, premixed with TCEP at a concentration of 1%, was added 

according to the manufacturer instructions directly to each well. Culture dishes were 

stored at -80°C for later RNA isolation. 
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Cartilage Explant Contact Co-culture  

Synovial cells were thawed on day 1 and seeded onto 6 well culture dishes at a 

density of 10,000 cells/cm2.  Following overnight recovery, all wells were washed, fresh 

cartilage explants were added to each well and the media was replaced with 2 ml of 

inflamed media. After 4 hours, MSCs or dermal fibroblasts were thawed, resuspended in 

inflamed media and then added to each well at a density of 5,000 cells/cm2 with a final 

volume of 3 ml. After 24 hours, the cell culture supernatant was collected and stored at -

80°C for ELISA. Cartilage explants were then removed from the wells and stored at -

80°C. Each well was then washed with DPBS before cell lysing solution, premixed with 

TCEP at a concentration of 1%, was added according to the manufacturer instructions 

directly to each well. Cell lysate was stored at -80°C. 

 

 

Enzyme Linked Immunosorbent Assay 

Cell culture supernatants were used at a 3 to 10-fold dilution at the first freeze 

thaw with the Prostaglandin E2 Parameter Assay Kitxix, Equine IL-6xx and IL-10xxi 

DuoSet ELISA kits according to the manufacturer’s instructions.  

 

Magnetic Bead Assay 

Undiluted cell culture supernatants were used to perform a 23-analyte magnetic 

bead assayxxii to assess cytokine/chemokine production by synovial cells co-cultured 
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with MSCs or DFs. Supernatants and standards were incubated with magnetic beads 

according to the manufacturer’s instructions to produce analyte concentrationsxxiii. 

 

Reverse Transcriptase Quantitative Polymerase Chain Reaction 

Cells from 6 well dishes in the cartilage co-culture were treated with lysing solution and 

TCEP before RNA isolation

xxvii. Expression of interleukin

xxiv. Quality and quantity of total RNA were evaluatedxxv 

before gene expression was measured. One-step reverse transcriptase quantitative 

polymerase chain reaction (RT-qPCR) was performed with a dual labeled probe and 

primers designed by Sigma OligoArchitectxxvi with KiCqStart One-Step Probe based 

PCR Mastermix -6 (IL-6), cyclooxygenase-2 (COX-2), and 

IL1-β were measured by relative quantification (ΔΔ Cq) and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as a reference gene. Probe oligonucleotides were 

dual labeled with reporter Texas Red (TxRed) at the 5’ end and Black Hole Quencher®-

2 (BHQ2) at the 3’ end.  

 

Table 1. Primer and probe sequences for RT-qPCR. Primer and probe sequences (5’ to 
3’) for measuring expression of interleukin-6 (IL-6), cyclooxygenase-2 (COX-2), 
interleukin 1-beta (IL1-β) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by 
reverse transcriptase polymerase chain reaction (RT-PCR)  
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Primer and probe sequences for RT-qPCR 
Gene Forward Primer (5’-

3’) 
Reverse Primer (5’-3’) Dual Labeled Probe (5’-

3’) 
IL-6 CACTCCAGTTGCC

TTCTC 
CCGAGGATGTACTT
AATGTG 

CTGCTCCTGGTGATG
GCTACT 

COX-2 CCAACCTCTCGTA
TTACA 

GGGATGAACTTTCTT
CTTAG 

TCTTCCTCCTGTGGC
TGACG  

IL1-β CACTCCAGGATTC
TGTTC 

TGCCCTTCATCTGTT
TTG 

AACAGGTCATTCTC
ATTGCCGC 

GAPDH CTCACTTGAAGGG
TGGAG 

GAGGCATTGCTGAC
AATC 

TCATCATCTCTGCTC
CTTCTGCTG 

 

Dimethylmethylene Blue Assay 

Glycosaminoglycan (GAG) content was measured by spectrophotometry. Sample 

preparation and assay were adapted from previous literature (72). Media and cartilage 

explants were digested with 5 mg/ml papainxxviii (media dilution 1:3, cartilage explant 

dilution 1:20) for 4 hours at 65°C. In a 96 well plate, 25 µl of diluted cell culture 

supernatant or digested tissue was added to the plate before adding 200 µl of 

dimethylmethylene blue (DMMB) dye and reading at 525 nmxxix immediately. 

Concentrations of GAG in each sample were interpolated using a chondroitin sulfatexxx 

standard curve. The percentage loss of GAGs from cartilage explants was calculated by 

dividing the difference in the total GAGs and the weight adjusted (g) GAG 

concentrations in the tissue by the total GAGs (media + weight adjusted (g) tissue). 

 

Histology 

Cartilage explants were processed, embedded and sectioned at 4 µm prior to 

staining with Safranin O xxxii. Slides were observed with an Olympus 

CKX41 light microscope and pictures taken with an Olympus DP73 camera mounted to 

xxxi and Fast Green
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the microscope and captured with cellSensxxxiii

xxxiv

 software before pictures were evaluated 

using and adaptation of the Modified Mankin Scoring System (Table 2)  (73) (74) (75) 

(76) . Additionally, images were randomized using an online program 

(http://random.org/) and scored for loss of Safranin-O stain by drawing a line at the 

interface of stain loss and measuring the distance in pixels from the surface using Image 

J  software. Values obtained by two individuals were averaged.  

 

Cell Surface Marker Expression 

 Two horses were chosen for CD45RB expression based on their 

secretion of IL-6. Synovial cells, MSCs and DFs were thawed and prepared for flow re-

suspended at a concentration of 10 million cells/ml in DPBS. One million cells of each 

type were aliquoted into microcentrifuge tubes for the following conditions: unstained 

control, secondary antibody control, and CD45RB

xxxvi

xxxvii

xxxv + secondary antibody. Cells were 

labeled with CD45RB by adding 100 µl staining buffer to the tube containing cells in the 

CD45RB + secondary antibody condition followed by the addition of 3 µl CD45RB and 

incubation in the dark for 15 minutes. Following incubation, 2 washes in 100 µl DPBS 

were performed by centrifugation at 400 X G for 3 minutes. Secondary antibody controls 

and CD45RB + secondary antibody tubes were labeled with F(ab’)2-goat anti-mouse 

IgG conjugated to fluorescein and incubated in the dark for 15 minutes. All tubes were 

washed by centrifugation at 400 X G for 5 minutes, followed by resuspension in 150 µl 

DPBS and the addition of 7-Aminoactinomycin D  (7AAD) prior to flow cytometry 

using an Amnis CellSteam  flow cytometer with a 488 nm laser.  
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Statistical Analysis 

 All statistical analyses and graphs were created using GraphPad Prismxxxviii 

software. Data from co-cultures in all assays except the RT-PCR were compared using 

paired Wilcoxon Signed Rank. Relative quantification (ΔΔ Ct) was used to observe fold-

change expression of IL-6, COX-2 and IL1-β in MSC co-cultures relative to dermal 

fibroblast co-cultures (control) using GAPDH as a reference gene. Modified Mankin 

scores and percent GAG loss from MSC and DF co-culture cartilage explants were 

compared using paired Wilcoxon Signed Rank. 

 

 

Results 

Table 2. Summary of median cytokine concentrations in the contact co-culture condition 
measured by enzyme-linked immunosorbent assay (ELISA). (SC = synovial cell 
monoculture, MSC = mesenchymal stem cell monoculture, DF = dermal fibroblast 
monoculture, SC/DF= SC/DF co-culture, SC/MSC = SC/MSC co-culture). 
 

Contact Co-Culture Cytokine Concentrations 
Condition Control [pg/ml] IL1-β [pg/ml] 

 PGE2 IL-6 IL-10 PGE2 IL-6 IL-10 
SC 102 1 1 643 156 1 

MSC 66.1 1 1 883 81 1 
DF 160 1 1 543 1 1 

SC/MSC 231 1 1 3,645 372 1 
SC/DF 260 1 1 1,420 108 1 

 

Table 3. Summary of median cytokine concentrations in the transwell co-culture 
condition measured by enzyme-linked immunosorbent assay (ELISA). (SC = synovial 
cell monoculture, MSC = mesenchymal stem cell monoculture, DF = dermal fibroblast 
monoculture, SC/DF = SC/DF co-culture, SC/MSC = SC/MSC co-culture). 
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Transwell Co-Culture Cytokine Concentrations 
Condition Control [pg/ml] IL1-β [pg/ml] 

 PGE2 IL-6 IL-10 PGE2 IL-6 IL-10 
SC 92 1 2 297 2 1 

MSC 82 1 2 364 1 2 
DF 122 1 9 286 1 4 

SC/MSC 185 1 6 1,029 4 17 
SC/DF 188 1 7 565 1 17 

 

Table 4. Summary of median cytokine concentrations in the conditioned media (CM) 
condition measured by enzyme-linked immunosorbent assay (ELISA). (MSC = 
mesenchymal stem cell monoculture, DF= dermal fibroblast monoculture). 
 

Conditioned Media Cytokine Concentratiosn 
Condition Control [pg/ml] IL1-β [pg/ml] 

 PGE2 IL-6 IL-10 PGE2 IL-6 IL-10 
MSC 206 1 7 486 92.1 1 
DF 42.98 1 1 1,196 1 4 

 

Table 5. Summary of median cytokine concentrations in the cartilage co-culture 
condition measured by enzyme-linked immunosorbent assay (ELISA). (SC = synovial 
cell monoculture, MSC = mesenchymal stem cell monoculture, DF= dermal fibroblast 
monoculture, SC/DF= SC/DF co-culture, SC/MSC = SC/MSC co-culture). 
 
 

Cartilage Co-Culture Cytokine Concentrations 
Condition Control [pg/ml] IL1-β [pg/ml] 

 PGE2 IL-6 IL-10 PGE2 IL-6 IL-10 
SC 468 0 1 3,012 4,680 1 

SC/MSC 551 43 20 96,337 9,334 64 
SC/DF 681 0 47 7,551 3,924 185 
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 PGE2 secretion is increased the presence of IL1-β and MSCs regardless of contact 

Co-cultures not exposed to IL1-β secreted little to no cytokines, indicating that 

co-culture with a pro-inflammatory cytokine stimulates cellular secretions and 

communication. Co-culture alone stimulated some production of PGE2, indicating 

juxtacrine signaling between cells without pro-inflammatory stimulation (Figure 4).  

After exposure to IL1-β, as detected by ELISA, synovial cells and MSCs in all 

conditions of contact significantly increased production PGE2 (Figure 5) compared to 

SC/DF co-cultures (co-culture p= 0.0009, transwell p= 0.03, CM p= 0.02, cartilage co-

culture p = 0.02). These findings were confirmed by the up-regulation of COX-2 (p= 

0.002) in the cartilage co-culture (Figure 7).  
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Figure 4. Cytokine concentrations of co-cultures without IL1-β exposure. Open shapes 
represent synovial cell (SC)/mesenchymal stem cell (MSC) co-cultures and closed 
shapes represent SC/dermal fibroblast (DF) co-cultures. Cytokine production was 
measured by enzyme linked immunosorbent assay (ELISA) using cell culture 
supernatants of co-cultures not treated with interleukin 1-beta (IL1-β). The cartilage co-
culture is not shown.  
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Cytokine secretion/stimulation between MSCs and DFs is not identical 

In the contact (SC/MSC p= 0.002, SC/DF p= 0.002), transwell (SC/MSC p= 

0.002, SC/DF p= 0.002) and CM (SC/MSC p= 0.003, SC/DF p= 0.002) formats, cells 

secreted significantly more PGE2 (Figure 5) than unstimulated controls (Figure 4). IL-6 

secretion, possibly by MSCs and/or SCs is increased by the presence of IL1-β 

conditioned medium, as cells in the MSC condition secreted significantly more IL-6 

compared to unstimulated controls (p= 0.007) while cells in the DF condition did not. 

There is an inhibitory effect of contact between MSCs/DFs and SCs on IL-10 secretion 

in the absence of cartilage. Secretion of IL-10 was only elevated compared to 

unstimulated controls in the MSC transwell (p= 0.03) and CM (p= 0.02) co-cultures. 

DFs do not secrete or stimulate secretion of IL-10 in the absence of chondrocytes. 

 

 

Synovial cells and MSCs in close contact increase expression and secretion of IL-6 

In conditions of co-culture (p= 0.01) and cartilage co-culture (p= 0.03) IL-6 was 

increased in MSC compared to DF co-cultures as detected by ELISA. To corroborate 

this finding, expression of IL-6 was upregulated in the SC/MSC co-culture compared to 

the SC/DF co-culture (Figure 5). Steady state RNA levels of IL-6 were higher in the 

SC/MSC co-culture compared to the SC/DF co-culture (p= 0.002, Figure 7). Production 

of IL-6 was elevated in the SC/MSC co-culture, cartilage co-culture and conditioned 

media formats, but not the transwell co-culture as detected by the magnetic bead assay. 

A significant difference in IL-6 concentrations was observed between MSC and DF co-
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cultures in the co-culture and conditioned media formats (Figure 6). Although not 

significantly different between SC/MSC co-cultures and SC/DF co-cultures, IL-6 

concentrations produced by several horses (Figure 6) detected by this assay were 

markedly higher in the cartilage co-culture, indicating that the presence of chondrocytes 

impacted secretion of IL-6.  

 

The addition of chondrocytes led to altered secretory activity and gene expression 

Decreased IL-10 in MSC compared to DF co-cultures was detected in the 

presence of a cartilage explant (p= 0.01) while separation of the cell types did not result 

in increased cytokine production (Figure 5). To corroborate this finding, expression of 

IL-6 and COX-2 were upregulated in the MSC co-culture compared to the dermal 

fibroblast control (Figure 7). In the magnetic bead assay, 23 analytes were provided by 

the manufacturer and four were detectable in the culture supernatants: IL-6, growth 

related oncogene (GRO), interleukin-8 (IL-8) and fibroblastic growth factor (FGF). In 

the conditions of contact and CM, significant increases in GRO (co-culture p= 0.002, 

CM p= 0.007) and IL-6 (co-culture p = 0.002, CM p= 0.003) concentrations were 

observed in SC/MSC co-cultures compared to SC/DF co-cultures. There was no 

difference in IL-8 or FGF concentrations between MSC and DF co-cultures (Figure 6).  
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Figure 5. Cytokine concentrations measured by ELISA. Open shapes represent synovial 
cell (SC)/ mesenchymal stem cell (MSC co-cultures) and closed shapes represent 
synovial cell (SC)/dermal fibroblast (DF) co-cultures. Cytokine production was 
measured by enzyme linked immunosorbent assay (ELISA) using the cell culture 
supernatants. SCs and mesenchymal stem cells MSCs secreted significantly more 
prostaglandin E2 (PGE2) than SCs and dermal fibroblasts (DFs) in co-culture in all 
conditions of contact after 4 hours of exposure to 10 ng/ml interleukin 1-beta (IL1-β) 
and overnight co-culture (Wilcoxon signed rank, contact p = 0.009, transwell p= 0.03, 
CM p= 0.02, cartilage p= 0.02). Interleukin-6 (IL-6) concentrations were significantly 
higher in MSC compared to DF co-cultures in the contact (p= 0.01) and cartilage (p= 
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0.03) conditions. IL-10 concentrations were higher in the DF compared to MSC co-
cultures only with the addition of a cartilage explant (p= 0.01). SC/MSC and SC/DF co-
cultures secreted significantly higher amounts of PGE2 (SC/MSC p= 0.004, SC/DF p= 
0.02) and IL-6 (SC/MSC p= 0.004, SC/DF p= 0.004) in the cartilage co-cultures 
compared to co-culture without cartilage. Concentrations of PGE2 in SC/MSC co-
cultures (p= 0.002) and SC/DF co-cultures (p= 0.002) were significantly higher 
compared to transwell co-cultures. Concentrations of IL-6 in SC/MSC co-cultures (p= 
0.002) and SC/DF co-cultures (p= 0.01) were significantly higher compared to transwell 
co-cultures.  
 
   

 

Figure 6. Cytokine concentrations measured by magnetic bead assay. Open shapes 
represent synovial cell (SC)/ mesenchymal stem cell (MSC co-cultures) and closed 
shapes represent synovial cell (SC)/dermal fibroblast (DF) co-cultures. When SC/MSC 
co-cultures and SC/DF co-cultures were compared, significantly increased growth-
related oncogene (GRO) concentrations were observed in the conditions of contact (p= 
0.002) and conditioned media (p= 0.007). Increased interleukin (IL-6) concentrations 
were observed in MSC co-cultures by Wilcoxon signed rank in the contact (p= 0.002) 
and conditioned media (p= 0.003) conditions. No significant differences were in 
interleukin-8 (IL-8) or fibroblastic growth factor (FGF) concentrations were observed 
between MSC and DF co-cultures.  
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Figure 7. Relative quantification of gene expression. Steady state RNA levels (ΔΔ Ct, 
log transformed) of interleukin-6 (IL-6), cyclooxygenase-2 (COX-2) and interleukin 1-
beta (IL1-β) in synovial cell (SC)/mesenchymal stem cell (MSC) cartilage co-cultures 
compared to SC/dermal fibroblast (DF) co-cultures as a control using glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as a reference gene. In the SC/MSC co-culture, ΔCt 
values were higher than in the SC/DF co-culture (p= 0.002, Wilcoxon signed rank). 
 

 

Cartilage integrity was not affected by IL-β exposure or proximity to MSCs or DFs 

There was no significant difference in GAG loss (Figure 8), proteoglycan 

staining (Figure 9), or morphology (Figures 10, 11) in cartilage explants in co-culture 

with SCs and MSCs or DFs. This finding shows that a short incubation period with IL1-

β did not result in substantial changes articular cartilage structure.  
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Figure 8. Percent loss of GAGs by cartilage explants. Dimethylmethylene blue (DMMB) 
assay was performed with cell culture supernatants and cartilage explants to evaluate 
proteoglycan loss by explants in culture after exposure to 10 ng/ml interleukin 1-beta 
(IL1-β). No significant difference (Wilcoxon signed rank) in sulfated glycosaminoglycan 
(GAG) loss was observed between synovial cell (SC)/mesenchymal stem cell (MSC) co-
cultures (open triangles) compared to SC/dermal fibroblast (DF) co-cultures (closed 
triangles).  
 

 

 

Figure 9. Cartilage histology: loss of Safranin O stain by cartilage explants. The distance 
from the articular cartilage surface to the margin of stain loss was visually determined by 
drawing a line at the interface of stain loss. The distance was measured in pixels from 
the center of the image at the surface of the cartilage to the line. There was no difference 
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(Wicoxon signed rank) in distances between synovial cell (SC)/mesenchymal stem cell 
(MSC) co-cultures (open triangles) compared to synovial cell SC/dermal fibroblast (DF) 
co-cultures (closed triangles).  
 

Table 6. Modified Mankin Scoring System. Cartilage integrity was graded based on a 
modified scoring system based on proteoglycan staining with Safranin-O, chondrocyte 
morphology, and structure of the articular cartilage surface.  
 

Table 2.3 Modified Mankin Scoring System 
Staining Score Cells Score Structure Score 

Uniform 
 

0 Normal 
 

0 Normal 0 

Loss of 
staining into 
superficial 
zone 

1 Small superficial 
clusters 

1 Irregular 
surface/fissures 

1 

Loss of 
staining 
extending to 
middle zone 

2 Clusters/cloning 2 Surface fissures 
into mid zone 

2 

Loss of 
staining 
extending > ½ 
middle zone 

3 Hypocellularity  3 Surface fissures 
into deep zone 

3 

Loss of 
staining 
extending into 
deep zone  

4   Complete 
disorganization 

4 
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Figure 10. Cartilage Histology: Representative images of cartilage explants. 
Representative example of cartilage explants from mesenchymal stem cell (MSC) and 
dermal fibroblast (DF) co-cultures after tissue processing, sectioning, and staining with 
Safranin O and Fast green to visualize proteoglycan loss at the surface of the articular 
cartilage, chondrocyte morphology, and articular cartilage structure. (A) MSC co-culture 
at 100x magnification (B) DF co-culture at 100x magnification (C) MSC co-culture at 
200x magnification (D) DF at 200x magnification.  
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Figure 11. Cartilage Histology: Modified Mankin scores of cartilage explants. There 
were no differences (Wilcoxon signed rank) in loss of staining by visual observation into 
the superficial, middle or deep zones, chondrocyte clustering, cloning or hypocellularity 
and structure at the articular surface between synovial cell (SC)/mesenchymal stem cell 
(MSC) co-cultures (open triangles) compared to synovial cell SC/dermal fibroblast (DF) 
co-cultures (closed triangles).  
 

Table 7. Cartilage histology scores. Modified Mankin scores of articular cartilage 
explants in mesenchymal stem cell (MSC) co-cultures (M) and dermal fibroblast (DF) 
co-cultures (F). Loss of stain at the surface, chondrocyte morphology and articular 
cartilage surface were evaluated to determine the effects of overnight incubation with 
synovial cells (10,000 cells/cm2), 10 ng/ml interleukin 1- beta (IL1-β) and either MSCs 
or DFs (5,000 cells/cm2) overnight.  
 

Cartilage Histology Scores 
Horse Staining Cells Structure 

 M F M F M F 
1 3 3 1 2 0 0 
2 3 3 2 2 1 1 
3 2 1 2 2 1 1 
4 2 2 2 2 1 1 
5 0 0 0 1 1 0 
6 1 1 2 1 1 1 
7 2 2 2 2 1 1 
8 0 1 2 1 0 1 
9 3 2 1 1 1 1 
10 2 3 1 2 1 0 
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Table 8. Signalment of Horses from which Experimental cell lines were isolated. 
 

Signalment: Experimental Cell Line Donors 
Horse ID Age Breed Sex 

1 2 QH Mare 
2 3 QH Mare 
3 3 QH  Mare 
4 6 QH  Gelding 
5 2 QH  Gelding 
6 4 QH  Gelding 
7 2 QH Mare 
8 4 QH Mare 
9 3 QH Mare 
10 4 QH Gelding 

 

 

Table 9. Signalment of cartilage donors. Each donor provided cartilage explants for two 
experiments. 
 

Signalment: Cartilage Explant Donors 
Horse ID Age Breed Sex 

11 13 Hanoverian Gelding 
12 4.5 QH Gelding 
13 5 QH  Mare 
14 4.5 QH Mare 
15 3 QH Mare 

 

 

Synovial cells, MSCs, and DFs communicate through juxtacrine signaling 

Concentrations of PGE2 were significantly higher in SC/MSC co-cultures 

compared to SC/MSC transwell co-cultures (p= 0.002).  Concentrations of PGE2 were 

also significantly higher in SC/DF co-cultures compared to SC/DF transwell co-cultures 

(p= 0.002) (Figure 5).  Additionally, concentrations of IL-6 were significantly higher in 



 

44 

 

SC/MSC co-cultures compared to SC/MSC transwell co-cultures (p= 0.002, Figure 5) as 

well as in SC/DF co-cultures compared to SC/DF transwell co-cultures (p= 0.01, Figure 

4). 

 

Stimulation with IL1-β was required for SCs and MSCs to secrete IL-6 and PGE2 

Synovial and MSC monocultures in the presence of IL1-β (Figure 12) secreted 

significantly more PGE2 (p= 0.004) and IL-6 (0.004) compared to unstimulated controls 

while DFs did not produce a significant amount of PGE2, IL-6 or IL-10 in monoculture 

with or without IL1-β stimulation (control comparison to IL1-β not shown).  
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Figure 12. Monoculture cytokine concentrations measured by ELISA. Circles represent 
cells (SC = synovial cell, MSC = mesenchymal stem cells, DF = dermal fibroblasts) in 
the contact co-culture, squares represent cells from the transwell co-culture, triangles 
represent cells from the conditioned media (CM) condition and upside-down triangles 
represent cells from the cartilage co-culture. Cytokine production was measured by 
enzyme linked immunosorbent assay (ELISA) using the cell culture supernatants. SCs 
and mesenchymal stem cells MSCs secreted significantly more prostaglandin E2 (PGE2) 
and interleukin-6 (IL-6) after exposure to 10 ng/ml interleukin 1-beta (IL1-β) and 
overnight co-culture compared to stimulated controls (Wilcoxon signed rank, SCs p= 
0.004, MSCs p= 0.004) 
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Co-culture in contact and with cartilage amplified cytokine secretion by SCs, MSCs and 

DFs 

 Co-culture in the presence of cell-to-cell contact without cartilage resulted in 

significantly higher secretion of PGE2 in SC/MSC co-cultures (p= 0.002) compared to 

the addition of SC and MSC monocultures while there was no significant difference in 

IL-6. No differences were detected in PGE2 or IL-6 between the addition of SC and DF 

monocultures compared to SC/DF co-cultures, indicating that the effect was additive 

(data not shown). In the presence of cartilage explants however, PGE2 was significantly 

increased compared to addition of monocultures in both SC/MSC (p= 0.002) and 

MSC/DF (p= 0.02) co-cultures (data not shown). To corroborate this finding, PGE2 was 

significantly higher in SC/MSC cartilage co-cultures (p= 0.004) and SC/DF co-cultures 

(p= 0.02) compared to co-culture in contact but without cartilage (Figure 5).  

 

Cell populations contain immune cells that may be responsible for secreting IL-6 

Horse 3 had very low levels of CD45 expression on the surface of SCs, MSCs 

and DFs while horse 4 (high responder) had low levels of CD45 expression in SCs and 

DFs, but 24.2.5 CD45+ MSCs, indicating the presence of immune cells.  

 

Table 10. Cell surface marker expression of CD45 in low responder and high responder 
 

% Positive Cell Surface Expression of CD45 
Horse ID SCs MSCs DFs 
3 (high) 3.50 2.31 2.49 
4 (low) 1.74 24.2 0.45 
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Discussion 

Our overall goal is to better understand how MSCs function after they have been 

injected into a patient. We created an in-vitro model of the inflamed equine synovial 

joint and designed a series of experiments to investigate the secretory actions of both 

MSCs and synovial cells in direct and indirect co-culture. Early passage synovial cells 

(P1) were used in an effort to isolate synovial macrophages and fibroblasts due to the 

known importance of communication between cell types and macrophage activation in 

synovitis. Notably, the SC cell populations of both the low and high responding horses 

had very low CD45 expression, while the high responding horse had 24% CD45+ MSCs, 

which was unexpected. Immune cells within the MSC population likely influenced PGE2 

and IL-6 secretion, as macrophages are known to activate synovial fibroblasts to secrete 

pro-inflammatory cytokines. We found that MSC/DF contact with both synovial cells 

and chondrocytes affects the secretome of one or more cell types (synovial cells, 

chondrocytes, MSCs) in our model of synovitis, indicating the importance of juxtacrine 

signaling in cellular communication during inflammation.  

To confirm that our synovitis model mimics inflammation, IL1-β expression was 

upregulated in the cartilage co-culture (Figure 7). Continued presence of IL1-β in the 

inflamed synovial joint is known to contribute to the infiltration of synoviocytes that 

produce pro-inflammatory cytokines resulting in joint destruction (77). These results 

support the use of IL1-β in an in-vitro model of synovitis. 

After exposure to inflammatory cytokine IL-1β in combination with MSCs in co-

culture, all conditions of contact induced increased PGE2 production, indicating a robust 
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response to inflammatory stimulation. In both SC/MSC and SC/DF co-cultures, IL-β 

treated cells secreted significantly more PGE2 than unstimulated controls, indicating that 

DFs have secretory/stimulatory activity and may not serve as an appropriate control for 

this model. In accordance with the present results, previous studies have demonstrated 

that DFs have immunomodulatory capability (78) (79). However, this study did provide 

evidence that secretion between MSCs and DFs is not identical, proving that further 

research is needed to determine the immunomodulatory behavior of both cell types. 

Because our data shows significantly increased gene expression and cytokine (PGE2, IL-

6) secretion in MSC co-cultures compared to DF, it is likely that MSCs have increased 

immunomodulatory capability. In OA synoviocytes, PGE2 production is increased by 

stimulation with IL1-β (80), which was confirmed by secretion of PGE2 regardless of 

contact. Gene expression of pro-inflammatory cytokines corroborated with protein 

production as evidenced by cell culture supernatant data. Significantly higher COX2 ΔCt 

values in the SC/MSC cartilage co-culture should be expected with high PGE2 

production. In horses, synovitis has been induced with IL1-β, leading to secretion of 

PGE2, which is consistent with our findings (81).  

We discovered that IL-6 secretion increased when synovial cells and MSCs were 

in close contact and that the addition of chondrocytes significantly amplified PGE2 and 

IL-6 production by synovial cells and/or MSCs. This finding was reflected by 

upregulation of IL-6 and COX2 in the SC/MSC co-culture. It is known that IL-6 is 

present in arthritic joints and has a role in the changes between acute and chronic 

inflammation (82)  and has been shown to inhibit proteoglycan synthesis (83). Other 
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studies have shown that it is present in the synovial fluid of patients with osteoarthritis 

(84) and rheumatoid arthritis (85). Our data provides further evidence that IL-6 secretion 

is triggered in the presence of pro-inflammatory cytokines and provides evidence for 

juxtacrine signaling through contact based on significant differences between co-cultures 

in contact and transwell co-cultures. While regenerative/reparative properties of MSCs 

are thought to result from immune modulation, we observed a pro-inflammatory 

environment with the addition of MSCs and DFs. This finding reflects early 

inflammation, and it is possible that an increase in pro-inflammatory cytokines may lead 

to a switch of macrophage polarization to an anti-inflammatory phenotype which was 

not observed during the short incubation period. A previous study in horses did not 

detect IL-6 in equine SCs co-cultured with injured cartilage (not in direct contact) (86). 

While the authors suggest that the fibroblastic, rather than macrophage phenotype may 

have contributed to their findings, a transwell membrane was used to separate the cells 

from the cartilage explant, indicating that contact plays a vital role in cellular 

communication. Additionally, cells were not stimulated with IL1-β, but rather the 

cartilage explant was mechanically injured prior to co-culture. Both aspects likely 

contributed to the lack of IL-6 secretion by SCs. In our model, it is possible that the 

cartilage explants mimicked injured cartilage rather than healthy cartilage, triggering a 

pro-inflammatory environment. 

 Interestingly, IL-6 production was not significantly different from the 

unstimulated control in the transwell MSC or DF co-culture, but significant differences 

were noted the CM co-culture (p= 0.007). This leads to the conclusion that some IL-6 
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may be packaged in vesicles that are larger than the pore size of the transwell membrane. 

Some EVs are known to be up to 1,000 nm in diameter (87)  and the transwell pore size 

(400 nm) would prevent some of the larger vesicles from reaching the cells beneath the 

membrane, thus preventing the exchange of soluble factors. It is likely that IL-6 is 

packaged in both larger and smaller vesicles. This may explain the differences in 

responses to CM, which contain everything released by synovial cells and suggests 

paracrine signaling through vesicles. However, further support for the role of contact in 

IL-6 production is provided by a study that found positive regulation of IL-6 expression 

by Notch, a juxtacrine signaling protein, in macrophages through NFκB (88). In the 

current model, synovial cells were cryopreserved within days of isolation to capture a 

population of both macrophages and fibroblasts, which would be in conjunction with the 

latter study. In combination, these studies demonstrate that both paracrine and juxtacrine 

signaling occurred between cells in the current model of synovitis.  

 In the literature, there have been some inconsistencies as to the necessity for 

contact to generate or amplify a signal. Some research has shown that direct contact is 

not required for suppression of T-cell proliferation by bone marrow stromal cells (89), 

indicating the possibility that soluble factors were solely responsible for the response. 

However, T cell suppression does not equal immune modulation. Crosstalk between 

signaling pathways has a tremendous effect on inflammatory signaling cascades. There 

appears to be more evidence that contact is important in cell-to-cell communication, but 

paracrine signaling plays a significant role as well (47). In the transwell and CM formats 

of our study, there was little to no cytokine production, indicating the importance for 
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contact. However, there is evidence of the importance of paracrine activity based on 

secretion of PGE2 regardless of contact (Figure 4) 

We found that the addition of chondrocytes increased secretion of IL-10. In the 

contact condition however, there was no difference in IL-10 secretion by MSC or DF co-

cultures while CM and transwell co-cultures were significantly higher. The addition of 

chondrocytes reversed that effect. Contrary to our expectation that MSCs would secrete 

IL-10 to modulate inflammation, our findings demonstrate that SCs in contact with DFs 

and chondrocytes secrete more IL-10 than SCs in contact with MSCs and chondrocytes. 

Previous research has shown that MSCs pre-treated with IFN-γ suppress secretion of IL-

10 by activated B cells in a contact-dependent manner through PGE2 (90). Similar 

contact-dependent suppression could explain the lower concentration of IL-10, 

especially because PGE2 secretion was high which was in accordance with the previous 

authors’ findings that higher PGE2 concentrations were required for suppression. 

Although cells in the current model were treated with IL1-β, a similar effect could be 

induced by other cytokines. Additionally, IL-10 has been shown not to exert 

chondroprotective effects on chondrocytes stimulated with IL1-β (91). Both studies 

provide support for the low production of IL-10 in our model. As mentioned, it has been 

proposed that DFs and MSCs may not be different based on their identical phenotypes 

(92), similar surface immunophenotype, proliferation and immunomodulation by both 

cell types (78). Although this creates some difficulty in drawing conclusions from 

differences between SC/MSC and SC/DF co-cultures, their immunomodulatory 

properties are likely tailored to their location and age, and we demonstrated that their 
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secretory behavior is in fact different. Our model demonstrates increased secretory 

activity in the presence of chondrocytes and possible inhibition of IL-10 through 

juxtacrine signaling.  

We found that GRO secretion was affected by contact because GRO was 

increased in the SC/MSC contact condition. It was also significantly higher in the CM 

condition, showing that paracrine signaling plays a role in cellular communication in this 

model. The TAK/NFκB pathway, which is important for immunomodulation, has been 

shown to be activated by GRO (93). Although there was no difference in secretion by 

SC/MSC and SC/DF co-cultures, secretion was measurable in all conditions of contact, 

indicating paracrine based immunomodulation by GRO secretion.  

We found that stimulation with IL1-β resulted in increased secretion of FGF and 

IL-8 which was not affected by contact. Low levels of FGF and IL-8 were detected in 

the culture supernatant, indicating production/secretion during the incubation period, but 

there were no differences in secretion between co-cultures of SCs with MSCs or DFs. 

Endogenous MSC recruitment has been shown to be enhanced by IL-8 (94), which has 

also been shown to enhance osteogenesis and chondrogenic differentiation (95).  MSC 

secretion of FGF has been shown to promote proliferation of OA chondrocytes in co-

culture (96). In our model, cells and explants were treated with IL1-β, which initiates the 

inflammatory response in OA. Although we did not measure proliferation of 

chondrocytes, secretion of FGF is supported by these findings. Secretion of IL-8 and 

FGF by co-cultures in this model supports the idea that MSCs have immunomodulatory 

capability and it is likely that low levels of secretion are due to limited incubation time. 
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We showed that a short period of inflammation does not result in substantial loss 

of proteoglycans by cartilage explants. In inflammatory arthritis, synovial cells secrete 

pro-inflammatory cytokines such as IL-6, PGE2 and IL-8 in response to inflammatory 

stimulation which initiates the cascade of cartilage degradation. These pathways 

participate in normal joint homeostasis but become hyperactive in inflammation, which 

ultimately leads to irreversible damage over time (97). In osteoarthritis, extended 

inflammation leads to degradation of the extracellular matrix leading to changes in 

cartilage integrity (15). Thus, the results of this study are not surprising as cartilage 

damage that occurs during the progression of OA does not occur in the initial stages of 

synovitis. Although a longer incubation period may result in more dramatic changes to 

cartilage integrity, the lack of proper in-vivo environment would likely influence results 

based on cartilage integrity due to necrosis of the explant tissue. Cells are likely to 

migrate out of the explant and attach to the culture dish, further influencing morphology-

based results.  

While it is clear that the cellular secretome is affected by contact with local cells, 

some limitations exist. The benefits of in-vitro models, however, allow examination of 

individual hypotheses that build upon each other through successive experiments. 

Luminex data was split between two plates which potentially affected the comparisons 

of cytokine data between horses. While each horse’s cells were contained on the same 

plate, it is difficult to compare data of horses from the two separate plates, as assay 

sensitivity may have affected interpolation of standard curves. While our efforts were to 

best mimic the natural joint environment, this in-vitro model of synovitis lacks some of 



 

54 

 

the essential components of the equine articular joint, such as synovial fluid. Future 

experiments should investigate the addition of synovial fluid to further mimic the joint 

environment. Paracrine signaling in this model may have been affected by the co-culture 

model and use of transwell membranes may have prevented complete exchange of 

signals, but there is increasing consensus that contact between synovial cells, and MSCs 

is required for MSC immunomodulatory function in joint disease and repair (58) (98).  

Our results support previous findings that EVs play a role in MSC 

immunomodulation (99) (56), further warranting future studies with MSC derived EVs.  

Taken together, our findings demonstrate that communication between chondrocytes, 

synovial cells and MSCs involves both juxtacrine and paracrine signaling. This model 

may be used to further study MSC function during early inflammation. 
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Figure 13. Juxtacrine and paracrine signaling between chondrocytes, SCs and MSCs. In 
direct contact, synovial cells (SCs) and mesenchymal stem cells (MSCs) exchange 
intracellular calcium through Notch signaling, gap junctions (yellow) and transport 
proteins (red) while growth factors, hormones and cytokines are exchanged through 
endocytosis and exocytosis of extracellular vesicles (EVs). Each cell type is shown with 
cell surface markers (CD 90, CD 44, VCAM), Notch signaling proteins, integrins in 
open and closed configurations and connexin 43 (green) for the formation of gap 
junctions between cells. Created with BioRender.com 
 

 Our group has previously shown that horses injected with haplotype matched 

MSCs increased endogenous progenitors in the joint compared to mismatched 

haplotypes, demonstrating that immunomodulation is working through paracrine 

mechanisms rather than cell replacement (50). From this study, we conclude that contact 
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is important for comprehensive communication between SCs, chondrocytes and MSCs 

in a controlled simulation of early inflammation. This leaves much potential for 

expansion on this work to further unravel the mechanism by which MSCs modulate 

inflammation. Further research is required to examine how MSCs function in a pro-

inflammatory environment over time, eventually participating in tissue repair and 

regeneration.  
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CHAPTER III  

TESTING THE USE OF SYNOVIAL FLUID IN A MODEL OF SYNOVITIS 

 

Introduction 

 
It is well established that osteoarthritis (OA) is common in both humans and 

horses and in-vitro studies are utilized to better understand disease progression and 

develop new therapies with the goal of tissue repair and regeneration. Cellular and cell-

free therapies utilize MSCs and their secretions for this purpose, as they are associated 

with improved tissue repair and immunomodulation.  

Before the progression to OA, synovitis occurs due to overloading the joint or 

changes within the microenvironment of the joint due to age or trauma. Synovitis in the 

articular joint triggers synovial cells to secrete enzymes that degrade and cause 

irreversible damage to the articular cartilage.  

A widely accepted model to accurately mimic the equine synovial joint in-vitro is 

not available, so we tested several different formats in Chapter II to compare the 

juxtacrine and paracrine secretions of equine SCs with cartilage explants and MSCs or 

DFs. Our preliminary model demonstrated that MSC contact with synovial cells and 

chondrocytes increased immunomodulatory signaling, which is thought to be the 

mechanism by which MSCs contribute to tissue repair and regeneration. Although there 

is an increasing trend towards utilizing the MSC secretome and EVs as therapeutics, 

Notch signaling pathways and gap junctions are inaccessible to the synovial cells and 

chondrocytes due to lack of contact with MSCs. Intercellular communication through 
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Notch signaling (38) and gap junctions (100) (40) (41) occurs in homeostasis and 

inflammatory arthritis, which is consistent with or findings. The goal in our synovitis 

model was to mimic the inflamed equine joint as accurately as possible in-vitro.  We 

also discovered that the presence of chondrocytes amplified secretory activity 

significantly. In our previous model, however, an important anatomical component, 

synovial fluid, was missing. 

 To further investigate the mechanisms of immunomodulation, we added synovial 

fluid instead of IL1-β from healthy and inflamed equine joints to the cartilage co-culture 

condition. Physiological concentrations of IL1-β in inflamed joints are under 0.5 ng/ml  

(101). Throughout the literature however, high concentrations are used for in-vitro 

studies (102) (80) (103) (104) (72). We hypothesized that synovial fluid from inflamed 

equine joints containing a combination of cytokines at different concentrations would 

more accurately mimic natural inflammation.  

The objective of this study was to test our preliminary model of the equine joint 

with the addition of synovial fluid instead of IL1-β to better understand how MSCs 

function in synovitis. We found that healthy synovial fluid increased cytokine 

production compared to hyaluronic acid. 

 

Methods 

Experimental model  

The experimental model (Figure 14) consisted of three conditions of direct co-

culture with MSCs or DFs seeded on top SCs with the addition of a cartilage explant 
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and: (1) Hyaluronic acid (HA) (2) Healthy pooled donor synovial fluid (SFh) (3) Healthy 

donor pooled inflamed synovial fluid (SFi). Cells were lysed and stored for RNA 

isolation and gene expression analysis. 

 

 

Figure 14. Experimental Model: Synovial fluid co-culture. Cells were harvested from the 
metacarpophalangeal joints and clean incision areas. Bone marrow was harvested from 
the sternum. Synovial cells (SCs), dermal fibroblasts (DFs) and mesenchymal stem cells 
(MSCs) were cryopreserved and later seeded onto 6 well plates. After overnight 
recovery, the cells were exposed to healthy donor pooled synovial fluid (SFh) or 
inflamed donor pooled synovial fluid (SFi) before addition of MSCs or DFs or no cells 
(not shown).  Following treatment and overnight culture, media and cell lysates were 
collected and stored for future assays. 
 

 

Cartilage Explants and Synovial Fluid 

Cartilage explants and synovial fluid were collected from 5 horses that were 

euthanized for reasons unrelated to this study and previously described in Chapter 2. 

Synovial fluid was aseptically aspirated from the carpal joints and stifle joints 

(femorotibial, femoropatellar- middle, lateral, medial). Each donor horse provided 

explants for two co-culture experiments. 
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Assays  

ELISA on cell culture supernatants, RT-qPCR on cartilage explants, DMMB assay on 

cell culture supernatants and cartilage explants and, and histology on cartilage explants 

(Modified Mankin Scoring, distance proteoglycan stain (Safranin O) loss were 

performed as in Chapter 2. 

 

 Statistical Analysis 

All statistical analyses and graphs were created using GraphPad Prism software. 

 Data from MSC and DF co-cultures in all assays were compared using paired Wilcoxon 

Signed Rank: Cytokine (PGE2, IL-6 and IL-10) concentrations between SC monoculture 

and MSC or DF co-cultures and between MSC and DF co-cultures ,ΔCt values between 

SC monoculture and MSC or DF co-cultures and between MSC and DF co-cultures, 

distances of Safranin O stain loss between SC monoculture and MSC or DF co-culture 

cartilage explants and between MSC and DF co-culture explants, modified Mankin 

scores between SC monoculture and MSC or DF co-cultures and between MSC and DF 

co-cultures, and percent loss of GAGs between SC monoculture and MSC or DF co-

cultures and between MSC and DF co-cultures.  

 

Results 

We observed increased PGE2 production by SC monocultures and SC/DF co-

cultures compared in the presence of SFh compared to HA (Figure 15) PGE2 

concentrations (negative values are due to subtraction of baseline). 



 

61 

 

 

 

Figure 15. Prostaglandin E2 (PGE2) Production by synovial cells (SCs) and 
chondrocytes. Squares represent hyaluronic acid (HA), open circles represent healthy 
synovial fluid (SFh) and closed circles represent inflamed synovial fluid (SFi). Cytokine 
production was measured by enzyme linked immunosorbent assay (ELISA) using the 
cell culture supernatants. Increased PGE2 production was observed (Wilcoxon signed 
rank) by SC monocultures (p= 0.009) and SC/DF co-cultures (p= 0.005) in the presence 
of healthy donor pooled synovial fluid (SFh) compared to hyaluronic acid (HA). 
 

 

No significant differences were observed in IL-6 production between SC 

monocultures and either SC/MSC co-cultures or SC/DF co-cultures (Figure 16). 

 

Figure 16. Interleukin-6 (IL-6) Production by synovial cells (SCs) and chondrocytes. 
Squares represent hyaluronic acid (HA), open circles represent healthy synovial fluid 
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(SFh) and closed circles represent inflamed synovial fluid (SFi). Cytokine production 
was measured by enzyme linked immunosorbent assay (ELISA) using the cell culture 
supernatants. There were no significant differences (Wilcoxon signed rank) between IL-
6 concentrations between synovial cell (SC) monoculture and mesenchymal stem cell 
(MSC) or dermal fibroblast (DF) co-cultures or between SC/MSC and SC/DF co-
cultures. 
 

No significant differences were observed in IL-10 production between SC 

monocultures and either SC/MSC co-cultures or SC/DF co-cultures (Figure 17). 

 

 

 

Figure 17. Interleukin-10 (IL-10) Production by synovial cells (SCs) and chondrocytes. 
Squares represent hyaluronic acid (HA), open circles represent healthy synovial fluid 
(SFh) and closed circles represent inflamed synovial fluid (SFi). Cytokine production 
was measured by enzyme linked immunosorbent assay (ELISA) using the cell culture 
supernatants. There were no significant differences (Wilcoxon signed rank) between IL-
10 concentrations between synovial cell (SC) monoculture and mesenchymal stem cell 
(MSC) or dermal fibroblast (DF) co-cultures or between SC/MSC and SC/DF co-
cultures. 
 

Expression of COX2 (p= 0.002) and IL-6 (p= 0.004) were significantly increased 

in SCs exposed to SFh compared to HA (Figure 18). No differences in IL1-β expression 

were observed between HA and SFh or SFi. 
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Figure 18. Steady state RNA levels of IL1-β, COX2 and IL-6. Open circles represent 
healthy pooled donor synovial fluid (SFh) and closed circles represent pooled inflamed 
synovial fluid (SFi). Relative quantification of (ΔΔ Ct, log transformed) of interleukin-6 
(IL-6), cyclooxygenase-2 (COX-2) and interleukin 1-beta (IL1-β) in synovial cell (SC) 
monocultures exposed SFh or SFi compared to hyaluronic acid (HA) control using 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a reference gene. COX2 (p= 
0.002) and IL-6 (p= 0.004, Wilcoxon signed rank) were significantly upregulated in SFh 
compared to hyaluronic acid (HA).  
 

There were no significant differences percent GAG loss (Figure 19), modified 

Mankin scores (Figure 22), distance between cartilage surface and the margin of stain 

loss (Figure 21) between SC/cartilage cultures exposed to HA, SFh or SFi.  
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Figure 19. Percent loss of glycosaminoglycans (GAGs) by cartilage explants. Squares 
represent hyaluronic acid (HA), open circles represent healthy synovial fluid (SFh) and 
closed circles represent inflamed synovial fluid (SFi). Dimethylmethylene blue 
(DMMB) assay was performed with cell culture supernatants and cartilage explants to 
evaluate proteoglycan loss by explants in culture after exposure healthy donor pooled 
synovial fluid (SFh) or inflamed donor pooled synovial fluid (SFi). No significant 
difference was observed between synovial cell (SC) monoculture and mesenchymal stem 
cell (MSC) or dermal fibroblast (DF) co-cultures. 
 

 

Figure 20. Cartilage explant histology images. Representative example of cartilage 
explants from mesenchymal stem cell synovial cell (SC) monocultures after tissue 
processing, sectioning, and staining with Safranin O and Fast green to visualize 
proteoglycan loss at the surface of the articular cartilage, chondrocyte morphology, and 
articular cartilage structure in SC monocultures exposed to hyaluronic acid (HA, A) 
donor pooled healthy synovial fluid (SFh, B) or donor pooled inflamed synovial fluid 
(SFi, C) at 200x magnification 
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Figure 21. Cartilage Histology: Distance of proteoglycan stain (Safranin O) loss. Squares 
represent hyaluronic acid (HA), open circles represent healthy synovial fluid (SFh) and 
closed circles represent inflamed synovial fluid (SFi). The distance from the articular 
cartilage surface to the margin of stain loss was visually determined by drawing a line at 
the interface of stain loss. The distance was measured in pixels from the center of the 
image at the surface of the cartilage to the line. There were no differences in distances 
between synovial cell (SC) monoculture and mesenchymal stem cell (MSC) or dermal 
fibroblast (DF) co-cultures. 
 

 

Figure 22. Cartilage Histology: Modified Mankin scores. Squares represent hyaluronic 
acid (HA), open circles represent healthy synovial fluid (SFh) and closed circles 
represent inflamed synovial fluid (SFi). There were no differences in loss of staining by 
visual observation into the superficial, middle or deep zones, chondrocyte clustering, 
cloning or hypocellularity and structure at the articular surface between synovial cell 
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(SC) monoculture and mesenchymal stem cell (MSC) or dermal fibroblast (DF) co-
cultures exposed to healthy donor pooled synovial fluid (SFh) or inflamed donor pooled 
synovial fluid (SFi). 
 

Discussion 

In this study, we aimed to build on and compliment the previous co-culture in-

vitro model with a more physiological inflamed joint microenvironment by using 

inflamed synovial fluid to induce inflammation. We tested the response of MSC or 

DF/cartilage explant/SC co-cultures and SC/explant monocultures with the addition of 

healthy synovial fluid, inflamed synovial fluid, and HA. PGE2 was significantly 

increased in the SC monocultures and MSC/DF co-cultures in the presence of healthy SF 

relative to HA. There were no significant changes in IL1-β, IL-6 or COX2 RNA 

expression levels between healthy and inflamed synovial fluid. There was significantly 

higher PGE2 production by SC monocultures and SC/DF co-cultures in the presence of 

SFh compared to HA, indicating some response to the healthy joint microenvironment. 

Our findings are consistent with the known role of PGE2 in joint homeostasis, but it is 

unclear why the MSC co-culture response was not as pronounced.  Perhaps it was due to 

MSC modulation of PGE2 in the presence of SFh.  

There were no significant differences in cartilage integrity between healthy and 

inflamed synovial fluid. This data suggests that the concentration of cytokine was too 

low or the incubation time too short to elicit a response. Furthermore, the data could also 

have been influenced by degradation of the inflamed SF by proteases during storage or 

transport. Additionally, preliminary experiments performed for the optimization of the 

model in chapter 2 (data not shown) demonstrated very little cytokine production in 
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response to 1.25 ng/ml IL1-beta, which is closer to the physiologic concentration of an 

inflamed equine joint. We suspected that the combination of cytokines present during 

inflammation may be necessary to better mimic inflammation, but overall, there was 

little response to adding synovial fluid to the cultures.  

We also observed an interesting phenomenon while culturing the cells with the 

healthy donor synovial fluid. The cells in culture appeared to undergo increased cell 

death and morphological changes when SFh was added (Figure 23). This phenomenon 

was likely a major contributor to the lack of response to the synovial fluid among the 

aforementioned issues. This phenomenon was not observed in the previous co-culture 

models in chapter 2. These results suggested that there was an entity within the synovial 

fluid that was causing cytotoxicity to the MSCs. We suspected that this entity in the 

synovial fluid was an antibody within the SF that was causing cytotoxicity. The use of 

an autologous replacement to FBS could be of benefit since it would not contain bovine 

proteins and only equine proteins. Also, depletion of IgG from the synovial fluid could 

remedy cytotoxicity if it is being driven by an antibody. Future studies are needed to 

investigate the cause of cytotoxicity from the addition of SF to the cultures and 

alternatives to FBS.  
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Figure 23. Images of BMS and FBS supplemented SCs before and after exposure to 
autologous synovial fluid at passage 2. Cells were plated, allowed to recover overnight, 
then exposed to autologous synovial fluid. After 24 hours, poor morphology and cell 
death were observed.   
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CHAPTER IV  

DETECTION OF BOVINE SERUM ALBUMIN IN EQUINE MSCS GROWN IN 

FETAL BOVINE SERUM 

 

Introduction 

Cellular therapies are currently being used to treat a myriad of diseases despite 

the lack of understanding of the mechanisms of tissue repair and challenges associated 

with cellular expansion and application. While allogeneic therapy has been associated 

with positive outcomes (64), these therapies require the use of xenogeneic culture 

supplements for the expansion of cells. Fetal bovine serum (FBS) is the standard 

supplement for cell culture, as it contains proteins and growth factors that support the 

expansion of cells. However, xenogeneic proteins are taken up by the cells, leading to 

recognition by the host immune system and possible hypersensitivity. Additionally, 

xenogeneic proteins are recognized as antigens, presented on MHCI molecules, targeting 

the MSCs for lysis.  

 Hypersensitivity reactions after vaccination have been documented in horses and 

BSA specific immunoglobulin E (IgE) has been identified in horses after vaccination 

(105). Some horses produce excessive IgE after each vaccination, creating a higher risk 

for severe allergic reactions as the horse ages (106).  Although the percentage of horses 

with this response is relatively small, it contributes to the need for a suitable replacement 

for FBS in therapeutic MSC culture.  
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 Recent data from our lab demonstrated that MSCs supplemented with FBS 

during expansion do not survive in the joint cavity (33). Moreover, the addition of SF to 

the MSC/DF and SC co-cultures resulted in decreased cell viability and morphology 

changes.  These observations suggest that there a factor in the synovial fluid that leads to 

toxicity of injected MSCs.  

Previous data from our group demonstrated that MSCs supplemented with FBS 

throughout the culture period can uptake and store bovine proteins from the FBS 

resulting in inflammation after intra-articular injection and antibody-mediated 

cytotoxicity (34) (33) . Furthermore, our lab successfully developed an autologous 

replacement for FBS (BMS) with equal growth potential without causing inflammation 

and MSC rejection in the joint after intra-articular injection (33).  

The cytotoxicity observations from the SF/co-culture and the FBS 

supplementation data suggest that the mediator of cytotoxicity within the SF is an 

antibody with specificity toward bovine proteins.  Therefore, we hypothesize that MSCs 

grown in FBS endocytose bovine proteins, such as BSA, during expansion in culture and 

these bovine proteins are recognized by antibodies within equine serum or SF resulting 

in inflammation and cytotoxicity. 

We were subsequently able to detect and purify an anti-BSA antibody from 

equine serum and show that MSCs grown in FBS were able to exocytose BSA into 

chemically defined media containing no albumin. We were also able to demonstrate that 

the anti-BSA antibody was eliciting cytotoxicity through complement-assisted antibody-

directed complement cytotoxicity. Therefore, these data indicate that equine cells take up 



 

71 

 

bovine proteins during laboratory expansion in culture, and exposure to antibodies 

present in equine serum may lead to cellular cytotoxicity, negatively affecting the 

efficacy of MSC treatment and the use of equine cells in laboratory experiments. We 

propose the use of BMS for the culture expansion of equine cells for therapeutic use or 

research. 

Data from chapter 3 also indicated the possibility of cytotoxicity after synovial 

cells were exposed to healthy synovial fluid. Our objective was to purify a BSA specific 

antibody from equine serum and demonstrate the presence of BSA in FBS grown cells. 

Additionally, our aim was to confirm the cellular cytotoxicity of equine MSCs in the 

presence of serum containing an anti-bovine antibody. We hypothesized that MSCs 

grown in FBS endocytose bovine proteins during expansion, and they may be detected in 

the culture supernatant after cells are starved of FBS and supplemented with a 

chemically defined, albumin free media for 24 hours. Figure 25 depicts exocytosis of 

bovine proteins over time after supplementation with FBS, followed by FBS starvation 

and replacement with chemically defined (CD) media. We successfully identified BSA 

as the target antigen for a bovine-specific equine IgG and detected exocytosed BSA 

using western blot with a purified BSA specific equine IgG. We recommend exploration 

of BMS as a replacement for FBS during the final stages of expansion, allowing 

exocytosis and clearance of bovine proteins from the cells. 
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Methods 

 

Measurement of Anti-Bovine Titers in Commercial Equine Serum 

Plates were incubated overnight with 100 µl/well of FBS, followed by four 

washes with phosphate buffered saline/Tris buffer (PBST). A serial dilution of HyEq 

was applied in triplicate (1:100- 1:814,000), with incubation at room temperature for 30 

minutes. After four washes secondary antibodyxxxix (goat-anti horse, SAB3700159), was 

applied (1:20,000 dilution, 100 µl) with incubation for 30 minutes at room temperature, 

four washes and addition of TMB substratexl, 15-minute incubation protected from light, 

followed by addition of stop solutionxli and reading the plate at 450 nm.  

 

Complement-Assisted Antibody Dependent Cellular Cytotoxicity 

MSCs (passage 4) previously expanded in media supplemented with 10 % BMS 

or 10% FBS were thawed as described in chapter 2 and re-suspended in 233 µl 

Minimum Essential Medium xliii, and 1µl 

DNase (3U/µl) 

xlii, 100 µl HyClone Equine Serum (HyEq) 

xliv and incubated at 37°C for 30 minutes, with gentle mixing at 15 

minutes. Then, 167 µl of rabbit complement xlv was added, followed by gentle vortex 

and the suspension was incubated at 37°C for 60 minutes with gentle mixing every 15-

30 minutes. Samples were placed on ice prior to flow cytometry to assess viability in 

10,000 single cells. An Amnis CellSteam flow cytometer was used with a 488 nm laser 

and viability was assessed with 7-AAD.  Data were normalized to positive and negative 

controls to obtain accurate viability scores.  
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Fluorescent Labeling of Fetal Bovine Serum and imaging of FITC labeled MSCs 

Undiluted FBS was diafiltered through a tangential flow filtration system for 

labeling of bovine proteins with fluorescein isothiocyanatexlvi. Fluorescently labeled FBS 

(fFBS) was added to MSC basal medium [ DMEM 1g/l glucose supplemented with 

10,000 U/ml Penicillin, 10 mg streptomycin sulfate, 25 μg/ml amphotericin B, HEPES 

buffer, 10 µg/ml human recombinant bFGF at a concentration of 10% and cells were 

incubated for 72 hours before imaging with an Olympus CKX41 light microscope. 

Images were captured with an Olympus DP73 camera mounted to the microscope and 

cellSense software was used to capture images. Image J was used to overlay light and 

fluorescent images. 

 

Antibody Preparation Overview 

The antibody was purified from HyEq using anion exchange chromatography by 

the Protein Chemistry Laboratory at Texas A&M. Following IgG purification, an affinity 

column was prepared by binding BSA to beads and eluting BSA specific IgG. Eluted 

fractions were combined and concentrated before measurement of protein concentration. 

Specificity was confirmed by SDS-PAGE after anion exchange chromatography and 

after affinity chromatography and specificity to BSA was confirmed by ELISA. Purified 

antibody was then brought to a concentration of 1 mg/ml (Figure 24).  
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Figure 24. Overview of purification of equine anti-BSA IgG. Preparation of BSA 
specific IgG. DEAE Sepharose column was used to purify IgG from 50 ml of 
commercial equine serum, followed by SDS PAGE to confirm IgG specificity, affinity 
purification to obtain BSA specific IgG, concentration of fractions, total protein 
quantification and confirmation of specificity by ELISA. 
 

Purification of IgG from commercially available equine serum 

Equine serum as provided to the Texas A&M Protein Chemistry Laboratory (50 

ml) for purification of equine IgG using a DEAE Sepharose column xlvii. Eluate was 

stored at -20°C.  

 

IgG specificity  

SDS Page 

Samples were subjected to denaturing conditions prior to SDS-PAGE. Beta-

mercaptoethanolxlviii (2.5%) and loading dyexlix were added before heating samples at 
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95°C for 10 minutes, followed by SDS-PAGE at 30 volts for 45 minutes, and 100 volts 

for 45 minutes. Gels were stained with Coomassie Bluel on an orbital shaker at room 

temperature overnight and de-stained prior to imaging. 

 

Affinity purification of equine IgG for BSA specificity 

Affinity purification columns were constructed by creating a matrix of 

AminoLink™ in centrifuge columnli (5 ml) and coupling BSA (20 mg), blocking 

remaining active sites and a series of washes to remove uncoupled BSA from the column 

prior to affinity purification. Columns were equilibrated and IgG eluate applied followed 

by centrifugation, washing and elution of BSA specific IgG. Fractions were combined 

for concentration and buffer exchangelii (ab102778) and brought to a concentration of 1 

mg/ml and conjugation to horseradish peroxidase (HRP) with a commercially available 

kit (abcam 102778)liii. A control column (PBS only, uncoupled) was also constructed 

comparison to confirm that the column does not bind proteins unspecifically.  

 

Specificity of the Affinity Column to BSA 

ELISA 

Plates were incubated overnight with 100 µl/well of 2.5% BSA, followed by four 

washes with phosphate buffered saline/Tris buffer (PBST). Samples from washes 1-5 

were and eluted fractions were applied in triplicate without dilution followed by 

incubation at room temperature for 30 minutes. After four washes the secondary 

antibody (goat-anti horse, SAB3700159) was applied (1:20,000) and incubated for 30 
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minutes at room temperature, followed by four washes and addition of TMB substrate, 

15-minute incubation protected from light, addition of stop solution and reading the plate 

at 450 nm. Washes and fractions from control columns were also assayed to confirm that 

non-specific binding did not occur.  

 

Specificity of the Purified Antibody to BSA 

SDS-PAGE and Western blot 

After affinity purification, BSA specificity was confirmed using SDS-PAGE as 

described above. Prior to concentration and buffer exchange, fractions were tested for 

specificity using western blot. Samples were subjected to denaturing conditions and 

SDS-PAGE as described previously. Mini Protean TGX gels

lviii. After de

liv (12% polyacrylamide) 

were transferred using a Trans-Blot Transfer Systemlv onto nitrocellulose membraneslvi 

and total protein was visualized with Ponceau Slvii stain and imaged using a 

ChemiDoc™ MP Imaging System -staining in Tris-phosphate buffered 

saline (TBST) for 10 minutes, blots were blocked for 1 hour with 5% rabbit serumlix and 

incubated with secondary antibody (goat anti-horse IgG+ HRP, 1: 1,000, SAB3700159) 

for one hour at room temperature on an orbital shaker with gentle rocking. Blots were 

rinsed in TBST for a total of three 1-hour washes before addition of the substratelx and 

imaging. Membranes were exposed for 20 seconds with Image Lab software and 

exported for further analysis.  
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Detection of Bovine Proteins in FBS supplemented MSCs 

 After supplementation of FBS supplemented MSCs with fFBS for 72 hours, 

media was exchanged for media supplemented with 10% BMS, as it sustains growth 

similarly to FBS. Flow cytometry was performed using an Amnis® ImageStream®lxi 

flow cytometer with a 488nm laser to assess median fluorescence intensity (MFI) of 

FITC labeled cells over 4 days. Cells were collected at 24, 48, 72 and 96 hours. 

Exocytosis of bovine proteins was measured as loss of fluorescence from cells over time. 

FBS supplemented MSCs were thawed, allowed to recover for 48 hours on 10% 

FBS supplemented media, rinsed twice with DPBS and switched to CD media. 

Supernatants were collected at 24 hours and stored at -20°C.  SDS PAGE was performed 

as previously described on undiluted culture supernatant. Mini Protean TGX gelslxii 

(12% polyacrylamide) were transferred using a Trans-Blot Transfer System onto 

nitrocellulose membranes and total protein was visualized with Ponceau S stain and 

imaged as previously described. After de-staining in TBST for 10 minutes, blots were 

blocked for 1 hour with 5% rabbit serum and incubated with purified antibody (equine 

anti-BSA goat anti-horse IgG + HRP, 1: 20,000) overnight at 4°C on an orbital shaker 

with gentle rocking. Blots were rinsed in TBST for a total of three 1-hour washes before 

addition of the substrate and imaging. Membranes were exposed for 20 seconds with 

Image Lab software and exported for further analysis. 
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Figure 25. Representation of exocytosis and antigen presentation of bovine proteins by 
FBS supplemented MSCs. Fetal bovine supplemented MSCs endocytose fluorescently 
labeled bovine proteins during expansion. After starvation and replacement with 
chemically defined (CD) media, the cells begin to exocytose bovine proteins into the 
extracellular environment (left to right). In-vivo, cells present foreign proteins on MHCI, 
allowing recognition by the host immune system and over time, bovine proteins would 
diffuse into the body. In vitro, media exchange removes bovine proteins over time.  
 

Statistical Analysis 

Wilcoxon-signed rank was used to compare flow cytometry data (% dead cells) 

between BMS and FBS supplemented MSCs.  

 

Results 

Commercial Equine Serum Contains FBS antibodies 

 Anti-FBS antibodies were detected in HyEq at dilutions ranging from 1:100 to 1: 

25,600 (Figure 25, 1:400 – 1: 204,800 shown).  
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Figure 26. Anti- fetal bovine serum (FBS) titers in commercial equine serum (HyEq). 
Dilution factors are shown on the x axis. Serum was serially diluted from 1: 100 – 1: 
814,000 and tested for anti-bovine antibodies by ELISA with FBS coated plates and an 
anti-equine IgG conjugated to horseradish peroxidase (HRP). The green squares 
represent fetal equine serum (FES) at a dilution of 1:400 and 1:800. 
 

Antibody Dependent Cytotoxicity Affects Cells Grown in FBS Supplemented Media 

Cells grown in FBS had a higher percent death after exposure to commercial 

equine serum containing the anti-bovine antibody (p= 0.007). 

 



 

80 

 

 

 

Figure 27. Cell death in fetal bovine serum (FBS) supplemented mesenchymal stem cells 
(MSCs). Complement-assisted Antibody-dependent Cellular Cytotoxicity (CAC) led to 
increased cell death in cells that were grown in 10% FBS supplemented media after 
exposure to commercial equine serum and complement as measured by flow cytometry 
(Wilcoxon signed rank, p= 0.007). 
 

IgG Purification was Successful  

 After purification by anion exchange chromatography, IgG was detected by SDS-

PAGE in diluted (1:8) and undiluted and Coomassie blue staining with heavy and light 

chain bands visible at 50 and 25 KDa respectively (Figure 28, left).  



 

81 

 

 

Figure 28. Identification of purified IgG by SDS-PAGE. SDS- PAGE and Coomassie 
blue staining of purified IgG after anion exchange chromatography (left) and BSA 
affinity purification (right). 
 

 

Purified equine anti-BSA IgG is specific to bovine serum albumin 

BSA specific IgG was eluted from the BSA coupled affinity column after 5 

washes followed by detection by SDS-PAGE and Coomassie blue staining (Figure 28, 

right) followed by ELISA to confirm specificity compared to a control affinity column 

(buffer only) (Figure 29). Subsequently, specificity of each fraction eluted the BSA 

coupled column was also confirmed by western blot. Heavy (50 KDa) and light (25 

KDa) chain bands were visible in each fraction and the positive control lane containing 

FBS (Figure 30).   
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Figure 29. ELISA: Purified equine anti-BSA IgG is specific to bovine serum albumin 
(BSA). Detection of bovine serum albumin (BSA) by ELISA in columns coupled (BSA 
Column) and not coupled (Control Column) to BSA by affinity chromatography. The 
antibody is eluted at Fraction 1.  
 

 

 
Figure 30. Western blot: Purified equine anti-bovine serum albumin (BSA) IgG is 
specific to BSA. Detection of affinity purified BSA specific IgG fractions (1-3) by 
western blot in columns coupled and not coupled to BSA. Left: Ponceau S total protein 
stain. Right: Probed blot.Negative controls: Fetal equine serum (FES), Commercial 



 

83 

 

equine serum (HyEq). Positive control: Fetal bovine serum (FBS). Heavy chain and light 
chain IgG bands shown in coupled fractions 1-3 at 50 and 25 KDa respectively.  
 

 

BSA is detectable with purified antibody at low concentrations 

  The lowest concentration at which BSA can be detected in CD media is 0.0005% 

BSA (Figure 31). 

 

 

Figure 31. Serial dilution of bovine serum albumin (BSA) in chemically defined (CD) 
media. Determination of lowest concentration of bovine serum albumin (BSA) 
detectable by the purified BSA specific IgG using western blot. Negative control: Bone 
marrow supernatant (BMS). Positive control: Fetal bovine serum (FBS). The total 
protein stain is shown on the left, probed blot on the right. 
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Endocytosed BSA can be visualized intracellularly  

BSA is visible by fluorescence microscopy after supplementation with fFBS 

(Figure 32). 

 

 

Figure 32. Fluorescent Images of endocytosed bovine proteins labeled with fluorescein 
(FITC). Mesenchymal stem cells (MSCs) were grown on fluorescently labeled fetal 
bovine serum (fFBS) for 96 hours for visualization of fFBS labeled bovine proteins 
within the cell. A) MSCs at 200x magnification without fluorescent filter B) MSCs at 
200x magnification a 488 nm laser C) Image overlay to show location of fFBS within 
the cells. 
 

BSA is exocytosed into the media by FBS supplemented cells 

At the time of media exchange to 10% BMS MFI was measured at 736,496, 

decreasing to 18,594 after 96 hours on 10% BMS supplemented media indicating 

exocytosis of bovine proteins (Figure 33). 
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Figure 33. Fluorescein (FITC) labeled fetal bovine serum (FBS) to assess depletion of 
FBS from MSCs after switching to BMS supplementation. The green line represents 
FITC labeled fetal bovine serum (fFBS) and the red line represents unlabeled FBS used 
as a control. MSCs were seeded in 10% fFBS media for 96 hours. After switching to 
bone marrow supernatant (BMS), cells were collected at 24, 48, 72 and 96 hours for 
flow cytometry. fFBS was depleted to nearly undetectable levels by 96 hours.  
 

BSA is exocytosed from cells grown in FBS and switched to chemically defined media 

after 24 hours (Figure 22, 34). 
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Figure 34. Western blot: Bovine serum albumin is present in FBS grown MSCs.  
Detection of bovine serum albumin (BSA) exocytosed from cells grown in fetal bovine 
serum (FBS). Mesenchymal stem cells (MSCs) grown in FBS were allowed to recover in 
FBS supplemented medium for 48 hours before switching to chemically defined (CD) 
medium. A 66 KDa band is visible after 24 hours on CD media. 
 

Discussion 

Despite growing evidence that FBS supplementation during culture of MSCs is 

harmful due to potential hypersensitivity reactions, alloreactivity and cell/antibody-

mediated cytotoxicity of MSCs, the use of FBS in therapeutic cell lines and in-vitro 

studies is prevalent. Because the discovery of cytotoxicity of FBS supplemented MSCs 

is novel, the objectives of this chapter were to identify intracellular FBS, detect FBS 

expelled from MSCs into the media, and show that intracellular FBS results in increased 

cell death.  

 There are numerous reasons for the exploration of suitable replacements for FBS. 

One important argument includes the possibility of hypersensitivity to vaccines 

containing xenogeneic proteins from production. Anti-bovine IgE has been identified 

and documented in horses, sometimes leading to vaccine hypersensitivity and adverse 

reactions such as anaphylactic shock (105). Similarly, intra-articular injection of 
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allogeneic MSCs not depleted of FBS has resulted in significantly increased total 

nucleated cell count (TNCC) and pain compared to autologous, FBS depleted MSCs 

(34). These, among other challenges associated with the use of FBS in cell culture have 

sparked continued interest in FBS alternatives. Fortunately, depletion of FBS and 

replacement with BMS prior to cryopreservation would eliminate these concerns.   

 We developed a Complement-assisted Antibody-mediated Cytotoxicity (CAC) 

assay to determine if FBS supplemented cells were targeted for apoptosis in the presence 

of complement and anti-bovine antibody. Commercial equine serum contained an 

abundant amount of anti-FBS IgG, making it a suitable antibody component of the assay. 

We chose serum instead of purified antibody to represent a physiologic concentration of 

IgG, as this is what cells would be exposed to in-vivo. Complement is known to bind to 

the Fc region of antibodies and participate in cytotoxicity of target cells. Although it 

does have some cytotoxic effects alone, it can assist natural killer (NK) cells in antibody-

dependent cellular cytotoxicity (ADCC) (107). Recent research is focused on enhancing 

ADCC as a mechanism used by the immune system to rid the body of cancer cells  

(108). In this assay, we observed significantly increased cell death when cells contained 

intracellular FBS from culture compared to cells grown in BMS. Some cell death was 

observed in both groups, likely due to the thawing process in which cells are removed 

from DMSO and brought back to their normal osmolarity. Because cells were exposed to 

complement and antibody, but not NK or T cells, the mechanism of cytotoxicity remains 

unknown. We suspect that the addition of PBMCs, containing, both NK and T cells 

would result in higher percent death. Future studies should address this with the 
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development of a cell based (CD8+ T cells) and antibody dependent cellular cytotoxicity 

(NK cells) assay to examine cellular synapses and apoptosis of target cells. Additionally, 

BSA has been shown to cause stress in the endoplasmic reticulum (ER) of renal tubule 

cells, leading to apoptosis (109). From the fluorescent images, FBS proteins appear 

perinuclear, suggesting that they are sequestered in the ER. Apoptosis resulting from 

BSA causing ER stress may also be examined in future studies.  

 We hypothesized that cells take up bovine proteins during culture and that they 

would be present intracellularly, then exocytosed by the cell into the surrounding media. 

To visualize FBS proteins intracellularly, FBS was labeled with FITC using tangential 

flow filtration, followed by culture for 96 hours, allowing the cells to take up fFBS 

proteins. Fluorescence and light microscopy were used to create a composite image of 

intracellular fFBS (Figure 32). Detection of exocytosed bovine proteins in the media 

required the purification of an antibody for western blot specific to the bovine proteins 

that would not cross-react with equine proteins.  

 As albumin is the most abundant protein in serum, we tested BSA binding of 

equine serum, followed by a monoclonal commercial anti-BSA, followed by IgG + HRP 

to BSA using ELISA (data not shown) to confirm that BSA is the target antigen. We 

then purified BSA specific IgG from commercial equine serum, which contain FBS 

specific IgG (Figure 26). We conjugated HRP directly to the primary antibody to avoid 

any potential cross-reactivity from a secondary antibody, as equine and bovine albumin 

share 74% amino acid similarity. In preliminary western blots commercial anti-BSA 
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primary antibodies paired with corresponding secondary antibodies yielded some cross-

reactivity to equine proteins.  

 To confirm that IgG was still present after affinity purification, we visualized 

heavy (50 KDa) and light (25 KDa) on the gel (Figure 28). Using western blot, we also 

showed that the purified antibody is specific to BSA, as bands were visible after 

incubation with a monoclonal commercial anti-BSA antibody (Figure 30). To further 

confirm specificity to BSA and rule out the possibility of non-specific binding to the 

beads in the affinity column, we showed that the BSA coupled column and not the 

uncoupled column produced an eluate that bound to equine IgG (Figure 29).  

 Before using the antibody to detect bovine proteins exocytosed from MSCs, we 

tested the sensitivity of the antibody with a serial dilution of BSA (Figure 31) and found 

that the antibody is detectable at 0.0005% BSA. This information was used to optimize 

antibody concentrations for western blot.  

 Fluorescence microscopy indicated that there were abundant bovine proteins 

present in the cytoplasm of MSCs supplemented with 10% fFBS for 96 hours, proving 

that cells took up fFBS during culture. We also demonstrated exocytosis by depletion of 

fFBS and extracellular presence of BSA after removal from media containing albumin. 

Based on the fluorescence microscopy, we noted that there was possible evidence of 

BSA on the outside surface of the cell. Recent literature has examined BSA as a target 

molecule for drug delivery because of its function as a transport molecule (110), and 

ability to bind hydrophilic and hydrophobic molecules (111). It is also able to bind 

calreticulin (111), which is expressed on MSCs (112).  
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To begin the investigation into cytotoxicity resulting from intracellular BSA, we 

developed the CAC assay, as it is a simple starting point with few components. To 

elucidate the mechanism of cytotoxicity, the assay should be developed with additional 

component such PBMCs. Additionally, further research is needed to determine whether 

BSA is bound to a protein or molecule at the cell surface. This may be tested by labeling 

the purified anti-BSA with FITC, followed by incubation with FBS or CD supplemented 

MSCs and flow cytometry to visualize FITC labeled antibody on the cell surface. If BSA 

is present on the outer cell surface, antibodies can bind, leading to opsonization of the 

MSC and phagocytosis by immune cells, assisted by the complement pathway. 

Additionally, some leakage of BSA into the cytoplasm may occur during endocytosis, as 

some molecules have been found to escape the endosome during internalization (113). 

Intracellular proteins could be processed by the proteasome and presented as antigens on 

MHCI for recognition by the immune system, which would lead to CD8+ T cell-

mediated cytotoxicity. Cell mediated cytotoxicity assays should be investigated to 

determine the mechanism of cell death after exposure to anti-BSA antibodies.  

To show exocytosis of FBS during culture, we removed FBS from the culture 

media, replacing it with a CD media containing no albumin. Preliminary tests with cells 

switched to BMS supplemented media from FBS supplemented media indicated that 

equine albumin interfered with binding of bovine albumin to the antibody, preventing 

detection of exocytosed bovine proteins. Albumin is known to be abundant and prone to 

adhere to surfaces and other proteins due to its binding properties, and the use of CD 

media resolved unwanted binding of equine albumin that was observed with BMS 
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supplemented cells. Expelled BSA was detected at 24 hours, indicating that cells rapidly 

metabolized the FBS during culture.  

 We examined the time required for depleting FBS from cells because it has 

important therapeutic consequences. As discussed previously, intracellular FBS in 

therapeutic cells leads to joint swelling and pain in horses (33). While the use of BMS 

throughout the culture period would eliminate any xenogeneic contamination, it is 

difficult to obtain sufficient volumes of bone marrow supernatant for the entire culture 

period. Therefore, we investigated the time required for MSCs to fully expel bovine 

proteins. This would reduce the time required in BMS supplemented media, thus 

reducing the volume necessary to produce therapeutic cells free from xenogeneic 

proteins. We found that after 96 hours, FBS proteins are nearly undetectable in the cell 

(Figure 33). Clinically, this is useful because cells can be grown on FBS for several 

weeks to obtain a sufficient clinical dose, then switched to BMS supplemented media for 

the final passage, or a minimum of 96 hours prior to cryopreservation.  

 Our goal was to identify xenogeneic contamination in equine MSCs 

supplemented with FBS and show complement-assisted antibody-mediated cellular 

cytotoxicity. To accomplish this, we developed a flow cytometry-based assay and 

showed increased cellular death in FBS supplemented cells compared to BMS. Using 

fFBS, we showed intracellular FBS proteins and discovered that FBS is depleted from 

cells in culture after 4 days of starvation and replacement with another supplement 

suitable for survival and proliferation. A purified antibody was used to detect bovine 

proteins expelled from MSCs into the surrounding media, further confirming metabolism 
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of FBS. We emphasize that BMS is a suitable replacement for FBS and should be 

considered in therapeutic cell lines. Additionally, BMS should be considered for in-vitro 

studies in which cells may be exposed to xenogeneic proteins from culture in FBS. 

 There is a possibility that adaptive immunity plays a role in cell death. A CD8+ 

T cell with a receptor that matches a bovine peptide loaded on MHCI may also lead to 

cytotoxicity. We suggest the development of an assay that can detect cell based (CD8+ T 

cell) cytotoxicity and/or phagocytosis of MSCs after anti-BSA exposure to determine the 

mechanism of cell death.   
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CHAPTER V  

CONCLUSIONS 

 

Cellular Contact is Important for MSC Immunomodulation 

There is continued promise of clinical use of MSCs and translation of animal 

models to humans and market approval. Our goal was to investigate the mechanism by 

which MSCs modulate inflammation. We developed a model of synovitis to evaluate 

how cellular contact influences cellular secretions in early inflammation. This work has 

shed light on cellular signaling between MSCs, synovial cells and chondrocytes in an 

equine model of synovitis.  

We provided evidence that cellular contact works in tandem with paracrine 

signaling to maximize MSC immunomodulation. We also demonstrated that while use of 

synovial fluid in a model of synovitis may be useful, the presence of anti-bovine 

antibodies in synovial fluid presents a challenge due to cell and or/antibody mediated 

cytotoxicity. Additionally, we have shown that the addition of IL1-β is required to mimic 

an inflamed synovial environment.  

Collectively, the findings of this research led to the design of a new synovitis 

model using the same format, with the addition of synovial fluid and IL1-β. The 

proposed conditions include SC monoculture, SC/MSC co-culture, SC/MSC co-culture 

with EVs, SC/EV co-culture and SC/DF co-culture using the cartilage co-culture format 

for all conditions to further evaluate SC/MSC secretory activity in a synovitis model 

(Figure 35). A control group in which cells are not treated with IL1-β should be included 
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for data normalization and comparison of GAG loss by cartilage explants in control 

versus inflamed conditions. Because research has shown that DFs may actually be MSCs 

(92) (78), they should not be used as controls, and untreated controls should be used for 

comparisons. However, SC/DF EVs may be isolated and used in additional conditions 

for comparison of immunomodulatory functions.  

 

 

 

Figure 35. Model of proposed experiment. After overnight recovery, the SCs will be 
exposed to 10 ng/ml IL1-β plus autologous synovial fluid (SFa), inflamed donor pooled 
synovial fluid (SFi) or hyaluronic acid (HA) before addition of MSCs with or without 
EVs, EVs alone or DFs.  Following treatment and overnight culture, media and cell 
lysates will be collected and stored for future assays. Created with BioRender.com 
 

 

Intracellular Bovine Proteins Lead to Cytotoxicity of MSCs 

We purified an equine anti-BSA IgG that binds specifically to BSA exocytosed 

into albumin-free media by MSCs grown in FBS and showed intracellular FBS presence 

by fluorescence microscopy. We also showed that FBS is depleted from cells 96 hours 

replacing the culture supplement. While not all cell lines metabolize nutrients at an equal 

rate, this information can greatly reduce the amount of time that cells need to be cultured 
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on BMS supplemented media prior to cryopreservation. This reduces the need for large 

volumes of BMS, which are difficult to obtain. We propose the use of BMS 

supplemented or albumin free media to further investigate the presence of bovine 

contaminants in cell cultures that may be used for both in-vitro studies and clinical 

therapeutics. 

 The presence of anti-bovine antibodies and observation of cytotoxicity after 

exposure to these antibodies led to two questions. How are horses stimulated to produce 

anti-bovine antibodies? Are these antibodies related to cytotoxicity of FBS 

supplemented MSCs? Several mechanisms of immune recognition that should be 

examined.  Due to the binding properties of albumin, it is probable that BSA is present 

on the outer surface of the cell. This would allow complement to bind to the antibody 

and initiate cell lysis or assist NK cells in cytotoxicity (Figure 36; 1, 4). There is a 

possibility that internalized molecules can escape the endo-lysosomal pathway (113), 

allowing processing by the proteasome and presentation on MHCI (Figure 36, 2). These 

peptides are not likely to lead to antibody recognition, but may be recognized by a CD8+ 

T cell, leading to cytotoxicity (Figure 36, 3). Lastly, if MSCs are primed with IFN-γ, 

they are stimulated to upregulate expression of MHCII (114) (115), which would allow 

processing through the endo-lysosomal pathway leading to recognition by CD4+ T cells 

(Figure 36, 5). This may be a mechanism of antibody production, which might 

contribute to differences in antibody titers between horses. However, antibody 

production after vaccination is based on individual immune responses, which would also 

lead to differences in antibody titers. A previous study in horses showed the presence of 
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anti-BSA antibodies in horses before and after MSC treatment, but no increase in 

production of anti-bovine antibodies two weeks after injection of FBS supplemented 

MSCs (116). While this finding seems to indicate that anti-BSA antibodies are produced 

in response to vaccination rather than B cell activation by CD4+ T cells, it is not possible 

to determine based on their experimental design.  

 

 

 

Figure 36. Possible mechanisms of cytotoxicity of FBS supplemented MSCs and 
antibody production by MSCs exposed to FBS through vaccination. Bovine proteins are 
endocytosed during expansion, processed and presented for recognition by the host 
immune system. We propose several possible mechanisms for recognition and target for 
apoptosis or antibody production. 1. Exocytosed bovine serum albumin (BSA) may 
become stuck to the cell surface and recognized by complement, triggering lysis. 2. If 
BSA leaks into the cytoplasm during endocytosis or through cross presentation, it may 
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be processed by the proteasome and presented on MHCI, but would not be recognized 
by antibodies therefore not targeted for cytotoxicity. 3. BSA leaked into the cytoplasm 
may be presented on MHCI and recognized by CD8+ cytotoxic T cells, leading to 
apoptosis. 4. Exocytosed BSA stuck to the cell membrane may be recognized by 
circulating anti-BSA antibodies and targeted for apoptosis by natural killer (NK cells) 5. 
If MSCs are primed with IFN-γ, MHCII may be upregulated and processing by endo-
lysosomal pathway may lead to presentation and recognition by CD4+ T cells followed 
by antibody production, explaining differences in titers between individuals. Created 
with BioRender.com 
 

 

Imaging flow cytometry has been used to visualize synapse formation between 

target and effector cells and quantify apoptosis during antibody dependent cell-mediated 

cytotoxicity (117). Future experiments may investigate apoptosis of FBS supplemented 

MSCs by cell or antibody mediated cytotoxicity by designing an imaging flow 

cytometry-based assay in which immune synapses can be observed between target cells 

(MSCs) and immune cells (NK cells or T cells). Previous research has shown that 

synapses between target and effector cells can be visualized with imaging flow 

cytometry and apoptosis can be quantified with the corresponding software (117). Cell 

mediated cytotoxicity can be imaged and measured between target cells and CD8+ 

cytotoxic T-cells that possess a T-cell receptor specific to bovine antigens. Visualizing 

synapses between MSCs and CD4+ and CD8+ T cells that are tagged with different 

fluorescent labels would elucidate mechanisms of cytotoxicity and antibody production. 

These assays may be useful as diagnostic tools and prediction of cell survival after 

exposure to specific antibodies.  

 In summary, this body of work has demonstrated the importance of cellular 

contact and paracrine signaling for MSC immunomodulation and identified cytotoxicity 
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resulting from several possible mechanisms: antibody binding to xenogeneic proteins 

stuck to the outside of the cell followed by lysis by the complement cascade, bovine 

peptides presented on MHCI and recognized by CD8+ cytotoxic T cells due to leakage 

into the cytoplasm during endocytosis or cross presentation, or bovine peptides 

presented on MHCII after upregulation by IFN-γ. Thus, this research has provided new 

insight on MSC function in synovitis and discovered important consequences of 

traditional cell culture methods. This opens the door for mechanistic studies on MSC 

communication within the synovial joint through gap junctions and Notch signaling as 

well as studies on cellular cytotoxicity. 
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