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Abstract 

Tissue-engineered skeletal muscle can be designed and optimized to serve as a 

platform for disease modeling and drug testing. In vitro models such as these can be used 

to explore basic research questions that may be difficult to study in vivo. To achieve this, 

it is important that the engineered skeletal muscle mimic its in vivo equivalent both 

phenotypically and functionally. Our engineered human skeletal muscle constructs 

(myobundles) generate quantitative contractile forces in response to electrical 

stimulation. The 3D myobundles provide a more realistic in vitro environment than that 

experienced by cells cultured in 2D monolayers.  

The overall goal of this work was to develop an in vitro myobundle model of 

rheumatoid arthritis (RA), a chronic inflammatory disorder, to (1) characterize muscle 

function of RA patients, (2) further our understanding of the underlying disease 

mechanisms, and (3) test potential therapeutics that can reduce muscle damage and loss 

in RA. We first characterized myobundles made with cells from the vastus lateralis 

muscle of RA patients and aged healthy donors, as well as from the hamstring muscle of 

young healthy donors as a benchmark. Next, we investigated RA myobundle sensitivity 

to pro-inflammatory cytokine exposure, compared to aged healthy controls. Finally, we 

evaluated the effect of pharmacologic agents on functional recovery of RA myobundles.  

Surprisingly, in 3D culture, contractile force production by RA myobundles was 

greater compared to aged controls. In support of this finding, assessment of RA myofiber 

maturation showed increased area of sarcomeric Ŭ-actinin expression over time compared 
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to aged controls. Furthermore, a linear regression test indicated a positive correlation 

between sarcomeric Ŭ-actinin protein levels and tetanus force production in RA and 

controls. Our findings suggest that medications prescribed to RA patients may maintainð

or even enhanceðmuscle function, and this effect is retained and observed in in vitro 

culture. 

We demonstrated that RA myobundles were more sensitive to IFN-ɔ treatment 

leading to reduced contractile force and reduced contractile protein levels compared to 

aged healthy controls. RNA sequencing (RNA-seq) and gene set enrichment analysis 

(GSEA) was performed to identify gene sets associated with altered gene expression. 

Gene sets that were enriched in IFN-ɔ-treated RA myobundles, but not IFN-ɔ-treated 

controls, involved genes upregulated in response to hypoxia and genes upregulated 

during unfolded protein response. From the hypoxia gene set, Pim1 and MT-1 were 

identified as potential therapeutic targets for treating RA-associated muscle dysfunction. 

Furthermore, we showed that treatment with tofacitinib fully restores contractile force 

and contractile protein levels in IFN-ɔ-treated RA myobundles. 

To our knowledge, this represents the first study to use tissue-engineered human 

muscle to characterize muscle function of RA patients. Our in vitro RA myobundle model 

enables us to model key variables affecting the progression of RA and serves as a 

platform for pharmaceutical testing allowing for ineffective drugs to be quickly 

identified. Since chronic inflammation and muscle loss play a role in other diseases such 
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as osteoarthritis, sarcopenia, and cachexia in heart failure and cancer, this work serves as 

a proof-of-principle for modeling and treating inflammation and fibrosis of muscle. 
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1. Introduction 

Portions of this chapter were previously published in the Journal of Tissue 

Engineering and Regenerative Medicine in 2021 (Oliver et al., doi:10.1002/term.3266)1. 

1.1 Background and Significance 

1.1.2 Skeletal Muscle Structure and Function 

Skeletal muscle comprises approximately 40% of total body weight and accounts 

for 30-50% of whole-body protein turnover2. In humans, skeletal muscle is one of the 

most dynamic tissues of the human body and contributes to multiple bodily functions. 

One of the primary functions of skeletal muscle is to convert chemical energy into 

mechanical energy to produce force and movement. 

1.1.2.1 Skeletal  M uscle Structur e 

The architecture of skeletal muscle is characterized by a particular arrangement of 

muscle fibers, or myofibers, and associated connective tissue. Muscle fibers are 

multinucleated. Satellite cells, located between the sarcolemma and basal lamina, are the 

adult stem cells of skeletal muscle. Satellite cells contribute to muscle growth, repair, and 

regeneration2. 

An individual muscle is surrounded by a layer of connective tissue layer called 

the epimysium2. Fibers within that muscle form bundles and are surrounded by a layer of 

connective tissue called the perimysium2. A single fiber is surrounded by a cell 

membrane known as the sarcolemma2. Each fiber is estimated to consist of thousands of 

myofibrils and contain billions of myofilaments2. When assembled together, 
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myofilaments form sarcomeres, the basic contractile units of skeletal muscle. The two 

most abundant myofilament proteins are actin and myosin. Myosin is the main molecular 

motor. The Z-disk of the sarcomere serves as an attachment point for the actin 

myofilament and contains various proteins including Ŭ-actinin2.  

1.1.2.2 Contractile Force Production  

Excitation-contraction (EC) coupling is the coordination of two processes 

required for force generation: the transmission of the nerve stimulus to the T tubule 

followed by calcium release from the sarcoplasmic reticulum and the interaction between 

actin and myosin that forms cross-bridges2. First, the action potential that arrives to the 

muscle fiber membrane is conducted to the muscle cell interior via the T tubule system. 

The nervous impulse signals to a voltage sensor subunit of the dihydropyridine receptors 

on the T tubule to open, allowing an influx of calcium2. This calcium current triggers the 

opening of the ryanodine receptors of the sarcoplasmic reticulum and large amounts of 

calcium are released into the sarcoplasm. The calcium released then binds to the 

regulatory protein troponin C on the actin thin myofilament2. A sequence of molecular 

events are initiated that displace the tropomyosin, thus exposing the active site of the 

actin filament. The head of the myosin molecule is then free to bind with actin. ATP and 

ATPase facilitate the detachment of myosin from actin and the formation of a new cross-

bridge. The final result of this series of events is the sliding of the actin and myosin 

fi laments generating force2. 

In skeletal muscle, a single action potential produces a single contraction, or 

twitch force. Repeated action potentials that grow temporally closer together causes 
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muscle to engage in sustained contraction, generating a tetanus force. Skeletal muscle 

also demonstrates a length-tension curve in which force increases as the muscle is 

stretched until myosin and actin fibers reach optimal overlap. At this point, the muscle is 

producing its peak force. Stretching the muscle beyond this point leads to a decline in 

force as the overlap of contractile fibers is no longer optimal3. 

1.1.3 Rheumatoid Arthritis 

Rheumatoid arthritis (RA) is a chronic inflammatory disease that primarily targets 

the joints4. Autoreactive immune cells affect articular joints and tissues, including 

skeletal muscle, and inflammation of the synovial membrane damages the cartilage5. 

Patients with RA experience diminished physical function, limited mobility, chronic pain, 

and increased mortality6. These issues are highlighted by the profound disabilit y rates 

among RA patientsð40% at 5-10 years post-diagnosis6. Loss of muscle mass as well as 

fat accumulation within muscle tissue occur at increased rates in RA; and, both are 

associated with reduced physical function and increased disabili ty, especially in women7-

10. Muscle weakness contributes to disability in RA patients11-14, yet the mechanisms by 

which this occurs are not well understood. 

Prior to clinical symptoms of RA, environmental and genetic factors facilitate 

repeated activation of the innate immune system, leading to inflammation in the synovial 

tissue involving monocytes, cytokines, and other immune cells15. In RA, CD14+CD16+ 

monocytes are elevated in synovial fluid and their levels are associated with decreased 

responsiveness to therapies16. Chronic activation of macrophages and T-cells results in 

the accumulation of immune complexes and matrix metalloproteinases, generated by 
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immune cells and synovial fibroblasts, that damage the cartilage, tendon, and bone, 

producing clinical symptoms15. TNF-Ŭ and interleukins, IL -1ɓ and IL-6, are key drivers 

of disease pathogenesis17, and are aided by IL-13, IL-15, IL-17, IL-18, TGF-ɓ, 

granulocyte macrophage colony-stimulating factor (GM-CSF), and IFN-ɔ15,18. The 

elevated pro-inflammatory cytokine levels found in RA patients promote oxidative stress 

and inflammation and are associated with increased disease severity19. 

1.1.3.1 M uscle Loss and Dysfunction  

While RA originates in the joint synovium, the systemic inflammatory response 

affects skeletal muscle, the largest tissue in the body. Loss of muscle mass and strength 

paralleled by increased fat mass is known as rheumatoid cachexia. Rheumatoid cachexia 

may affect up to two-thirds of all RA patients20. The average loss of fat-free mass among 

patients with RA is 13-15% and is associated with greater disability in RA20. The 

pathogenesis of rheumatoid cachexia involves a number of factors including protein 

metabolism, physical activity levels, and pro-inflammatory cytokines (e.g., TNF-Ŭ, IL -

1ɓ, IL-6, IFN-ɔ)20, and is driven primarily by catabolic processes21. Compared to healthy 

subjects, RA patients have increased rates of whole-body protein breakdown, which is 

directly associated with TNF-Ŭ production by peripheral blood mononuclear cells22. 

Pro-inflammatory cytokines result in reduced myocyte protein synthesis and 

increased protein degradation, and in addition to physical inactivity , may promote muscle 

loss and disability in patients with RA23. Huffman et al. has reported that patients with 

RA have 75% greater muscle concentrations of IL-6 protein compared to healthy 

controls23. Additionally, in patients with RA, muscle concentrations of inflammatory 
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markers were positively associated with disease activity (IL-1ɓ, IL-8), disability (IL-1ɓ, 

IL-6), pain (IL-1ɓ, TNF-Ŭ), and physical inactivity (IL-1ɓ, IL-6)23. Gene sets involved in 

skeletal muscle repair processes were prominent among those that were differentially 

expressed in RA muscle compared to controls23. 

1.1.3.2 Therapeutic Strategies 

A wide variety of pharmacologic agents are available to treat RA, but 

management is often complicated by insufficient responses and drug toxicity. Currently, 

medications used to treat RA are glucocorticoids, nonsteroidal anti-inflammatory drugs 

(NSAIDs), disease-modifying antirheumatic drugs (DMARDs), and biological therapies. 

Glucocorticoids and NSAIDs are predominantly used to control pain and inflammation 

and to alleviate stiffness due to RA. DMARDs, primarily methotrexate, are administered 

as first-line medication for patients newly diagnosed with RA; other DMARDs include 

hydroxychloroquine, leflunomide, and sulfasalazine24. Leflunomide may be used as an 

alternative to methotrexate, however gastrointestinal effects are more common25. 

Combination therapy with multiple DMARDs is more effective than monotherapy, but 

adverse effects may be greater25. If RA is not well controlled by DMARD treatment, then 

biological therapy is initiated. Biological therapies are used to target and inhibit specific 

molecules of the immune and inflammatory response. Such therapies include TNF-Ŭ 

inhibitors (e.g., etanercept, infliximab, and adalimumab), recombinant IL-1 inhibitors 

(e.g., anakinra), anti-IL-6 receptor inhibitors (e.g., tocilizumab), and JAK inhibitors (e.g., 

tofacitinib)24. If TNF inhibitors are not effective, additional biological therapies are 
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considered. However, simultaneous use of more than one biologic is not recommended 

due to a high rate of adverse effects25. 

1.1.3.3 Animal M odels 

Several animal models of RA have been developed. In such models, induction 

occurs via mechanisms different from those occurring in humans26-28. Each model 

features a different mechanism driving the disease expression. The most common in vivo 

models used for the study of RA include those related with genetic, immunological, 

hormonal, and environmental interactions. The ideal animal model for RA should closely 

resemble the complex pathogenesis and symptoms underlying the disease, including 

chronic inflammatory infiltrates, destructive arthropathy, bone erosion, and articular 

cartilage degradation27. 

Of the various animal models, collagen-induced arthritis (CIA) is considered the 

gold standard in vivo model, as it is the most similar to RA in terms of pathogenesis and 

clinical characteristics. CIA is induced using type II collagen and adjuvants, and 

therapeutic compounds can be assessed both intra-articularly and systemically27. 

Compared to healthy controls, CIA mice have shown decreased endurance exercise 

performance total time, grip strength, free locomotion, and tibialis anterior gastrocnemius 

muscle weight29. Sarcoplasmic ratios and myofiber diameter were also reduced in CIA, 

confirming the atrophy of skeletal muscle mass and presence of clinical symptoms of 

rheumatoid cachexia in CIA compared to the control group29. Oyenihi et al. investigated 

muscle structure and redox indicators across various muscles using the CIA model with 

female Sprague-Dawley rats30. The gastrocnemius, extensor digitorum longus (EDL), 
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soleus, vastus lateralis muscles all showed deterioration indicative of rheumatoid 

cachexia30. 

The CIA model, however, does come with limitations. For example, although 

patients with RA may respond well to NSAIDs or methotrexate, CIA is only weakly 

responsive to these treatments28. Furthermore, as with most models of disease there is a 

need for uniformity in which disease severity is assessed and presented to provide clear, 

reproducible, and directly comparable results27. Variable incidence, severity, and 

intergroup inconsistency, however, are generally recognized as features of the CIA 

model27. These limitations can be attributed to the modelôs high sensitivity to 

environment, maintenance conditions, and stress in the animals27. 

1.1.4 Inflammation in Skeletal Muscle 

Skeletal muscle stem cells, or satellite cells, become activated in response to 

injury and proliferate and differentiate into myotubes31. These cells are localized beneath 

the basal lamina in a quiescence state and express Pax7. When they are activated and 

differentiated into myoblasts, they express MyoD and myogenin (MyoG). 

After muscle injury, the acute inflammatory response begins with infiltration of 

neutrophils. This is followed by an infiltration of M1 macrophages which produce pro-

inflammatory cytokines including TNF-Ŭ, IL-1ɓ, and IFN-ɔ31,32. The presence of the 

cytokines in primary myoblast culture increases cell proliferation19. Furthermore, skeletal 

muscle produces the pleiotropic myokine IL-6, regulating the function of immune cells 

after tissue injury33. This initial inflammatory process is followed by the expansion of M2 

macrophages, which participate in tissue repair and satellite cell differentiation31. The 
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anti-inflammatory cytokines produced by M2 macrophages, such as IL-4 and IL-10, 

improve myoblast differentiation in vitro and increase MyoG expression, which is 

necessary for satellite cell differentiation31.  

1.1.4.1 Chronic Infl ammation  

While the acute inflammatory response aids in proper skeletal muscle 

regeneration, unregulated or chronic inflammation, observed in skeletal muscle of 

idiopathic inflammatory myopathies, dystrophies, aging, and obesity, is associated with 

impaired function of satellite cells, fibrosis accumulation, and poor skeletal muscle repair 

and function31. 

In conditions where chronic inflammation is observed in muscle, the balance 

between M1 pro-inflammatory and M2 anti-inflammatory macrophage phenotypes is lost. 

In vitro studies show that increased levels of pro-inflammatory cytokines (e.g., TNF-Ŭ, 

IL -1ɓ, and IFN-ɔ) due to M1 macrophage overactivation mitigates or prevents myoblast 

proliferation31. Moreover, a chronic increase in IFN-ɔ and class II major 

histocompatibility complex transactivator levels repress gene expression related to late 

stages of satellite cell differentiation31. The heightened levels of M2 macrophages 

account for extracellular matrix accumulation and fibrosis in the skeletal muscle, which 

impairs satellite cell function31. Together, the increase in M1 and M2 macrophages 

compromises skeletal muscle regeneration. 

1.1.4.2 Contractile Dysfunction  

 Skeletal muscle proteins undergo a constant yet balanced process of synthesis and 

degradation. In a chronic inflammatory state, this balance in protein turnover is disrupted 
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and the rate of protein degradation exceeds that of synthesis, resulting in muscle 

atrophy34. In many muscle wasting diseases, including sarcopenia and cancer cachexia, 

atrophy is driven by an increased rate of protein degradation via the ubiquitin-proteasome 

and autophagy34-37. 

 Chronic elevation of TNF-Ŭ is associated with muscle wasting and loss of muscle 

function38,39. TNF-Ŭ is remarkably elevated in RA serum (17.9 pg/mL) compared to 

healthy controls (5.5 pg/mL)40. TNF-Ŭ enhances protein catabolism41, decreases muscle 

contractile force, and leads to increased production of muscle-derived oxidants42,43. TNF-

Ŭ suppresses MyoD gene and protein expression in myoblasts44,45, thereby inhibiting 

muscle cell fusion and differentiation into mature fibers. TNF-Ŭ may decrease the force 

of mature fibers by altering Ca2+ release from the sarcoplasmic reticulum46. Although 

predominantly generated by immune cells in response to antigenic challenges and cancer, 

TNF-Ŭ is produced by many cell types, including skeletal muscle47.  

Furthermore, TNF-Ŭ and IFN-ɔ, when given together, reduce expression of 

myosin heavy chain in C2C12 mouse-derived myoblasts via NF-əB and JAK/STAT 

signaling pathways and activate Atrogin1 and MuRF1, two ubiquitin ligases and atrophy-

related genes involved in ubiquitination and proteolysis of muscle proteins48. In C2C12 

myocytes, TNF-Ŭ-induced activation of NF-əB inhibited differentiation by suppressing 

MyoD mRNA45. In differentiated myotubes, TNF-Ŭ plus IFN-ɔ signaling was necessary 

for NF-kBïdependent down-regulation of MyoD and skeletal myofiber dysfunction45. 

MyoD mRNA was also downregulated by TNF-Ŭ and IFN-ɔ expression in mouse muscle 

in vivo45. 
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IL -6 has been associated with poor muscle strength in sarcopenic obesity49. 

Elevated levels of IL-6 are often associated with a catabolic state in skeletal muscle, 

generally in the presence of complex conditions such as sarcopenia or cachexia49,50. 

However, in healthy rats, IL-6 can directly induce skeletal muscle atrophy characterized 

by a loss of myofibrillar protein50. 

1.1.5 Microphysiological Systems 

The drug discovery and development pipeline is a costly and inefficient process 

involving basic research, preclinical and clinical trials with humans, and regulatory 

approval by the FDA. The average cost to bring a new drug to market is estimated to be 

approximately $1.8 billion, over a 10 to 15 year period, and is quickly rising51,52. A drug 

in phase 1 clinical trials has only a 10.4% chance of reaching FDA approval; and in phase 

3 clinical trials, only 50% of drugs are ultimately approved53. Because of its complexity, 

drug discovery and development is widely recognized as one of the most financially risky 

endeavors in science and a major challenge for the biomedical industry54. If the high rate 

of late-stage attrition could be reduced by using improved preclinical methods, the 

average cost per new drug could be dramatically reduced, sustaining continued drug 

innovation. 

Human organoids and human microphysiological systems (MPS)ðor organs-

on-a-chipðare three-dimensional tissue-engineered constructs designed to replicate key 

functional aspects of organs and serve as an in vitro platform for testing drug safety and 

efficacy55,56. The purpose of these systems is to provide better in vitro models by more 

closely resembling the in vivo physiological environment, as compared to standard in 
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vitro cell cultures grown in two-dimensional cultures, thus improving the quality of pre-

clinical data57. Whereas two-dimensional cell cultures generally feature a single cell 

type cultured in monolayer on a polystyrene surface, three-dimensional MPS offer 

organ-like structures with cell-cell and cell -ECM interactions and often, more than one 

cell type is incorporated. Organs currently being modeled for drug testing using three-

dimensional MPS functional units include skeletal muscle58,59, vasculature60, liver61, 

kidney62, and brain63. MPS offer tissue-level functional measures which can indicate 

tissue health. Moreover, MPS provide a more complex system, compared to two-

dimensional in vitro culture systems, to examine drug effects while maintaining a tightly 

regulated system. 

Additionally, MPS developed using human cells offer several advantages over in 

vivo pre-clinical animal models. Rodents and other species do not provide an entirely 

accurate model of human physiology and function. While scaling relationships between 

species provides useful information to predict safety and efficacy in humans, the levels 

of expression and activity of vital liver enzymes and renal transporters differ between 

humans and rodents55. For example, mice exhibit different transcriptional responses to 

inflammatory diseases compared to humans64, and immunological signaling pathway 

discrepancies are present65. Functional differences between species can lead to 

unexpected drug side effects during clinical trials. 

MPS are also useful for disease modeling in specific organs, and due to their 

functional capacity, offer many advantages over disease modeling in two-dimensional 

culture. MPS are particularly useful for modeling rare diseases in which the patient 
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population is limited and, thus, the potential for clinical trials is low. Diseases, including 

Hutchinson-Gilford Progeria Syndrome66 and Pompe disease67, have been modeled 

using MPS made from patient-derived cells. Disease models can also be developed by 

inducing a disease state in healthy engineered tissue. Models such as this are useful for 

studying disease progression. 

Skeletal muscle comprises approximately 40% of the bodyôs total mass and is 

responsible for movement and force generation in the human body68. As a result of its 

dense vascular network, skeletal muscle is also exposed to drugs in the bloodstream69. 

Skeletal muscle is a key organ to model using MPS in which important aspects of in vivo 

muscle function are recapitulated in vitro. 

1.1.5.1 Tissue-Engineered Skel etal M uscle 

Tissue-engineered skeletal muscle can be designed and optimized to serve as a 

platform for disease modeling and drug testing. In vitro models such as these can be used 

to explore basic research questions that may be difficult to study in vivo. To achieve this, 

it is important that the engineered skeletal muscle mimic its in vivo equivalent both 

phenotypically and functionally. 

Our engineered human skeletal muscle constructs (myobundles) generate 

quantitative contractile forces in response to electrical stimulation58,70. The 3D 

myobundles offer several advantages over animal models. We can monitor changes in 

key functions over time, including contractile force production and oxygen consumption, 

and media samples can be used to identify biomarkers. The simple fabrication method of 

myobundles allows for easy reproducibility in other scientific laboratories and the small 
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scale of this system enables higher throughput at a lower cost compared to animal 

models. The 3D myobundles provide a more realistic in vitro environment than that 

experienced by cells cultured in 2D monolayers on a polystyrene surface. Relative to 2D 

culture, the myobundles better replicate physiological muscle tissue structure providing 

important factors for differentiation, such as increased cell density71,72, uniaxial tension 

for cell alignment73, and tissue stiffness74. 

Other cell types and components of the immune response, including macrophages 

and cytokines, can be incorporated in our in vitro system. This creates a more complex 

system with greater applications, allowing for in-depth investigation into disease 

pathology and drug response while maintaining a tightly regulated system. Diseases 

affected by chronic inflammation and muscle loss including rheumatoid arthritis, 

osteoarthritis, sarcopenia, and cachexia could benefit from an in vitro human tissue 

model75. 

1.1.5.1.1 Primary  Cells  

Various sources of myogenic cells are used to fabricate engineered skeletal 

muscle including rodent cell lines, rodent primary cells, human primary cells, and 

induced pluripotent stem cells (iPSCs)76. To most accurately recapitulate the function of 

native human skeletal muscle tissue and the disease phenotype of rheumatoid arthritis, 

human primary cells were selected as the cell source in this work. 

Primary cells are obtained from explanted skeletal muscle tissue of the donor. The 

myogenic progenitor cells, or satellite cells, are isolated by freeing them from the 

surrounding extracellular matrix and muscle fibers via mechanical and enzymatic 
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disruption77. Alternatively, the muscle tissue can be dissected, plated, and cultured until 

myogenic cells begin to proliferate78. Using either of these methods, fibroblasts, red 

blood cells, adipocytes, and debris will likely be present77. A pre-plate method can be 

used to enrich isolations for satellite cells. For the pre-plate method, the cell suspension 

or explanted tissue is plated for a short period allowing more quickly-adhering cell types 

such as fibroblasts to adhere to the surface before removing the cell suspension and re-

plating on the intended culture substrate79. Alternatively, cell sorting via flow cytometry 

can be used to identify and retain cells with specific combinations of cell markers80,81 or 

with satellite cell-like morphologies82,83. 

The isolated cells can be cultured and expanded. In in vitro culture, satellite cells 

do not remain quiescent, but rather enter the cell cycle as proliferative muscle 

precursors84. As the cells approach their limit in population doublings, they become 

senescent and their capacity to differentiate is eventually lost. Expansion of primary cells 

is limited; however, compared to genetically altered immortalized cell lines, primary cells 

better retain a physiological phenotype providing a more accurate model of in vivo 

function. 

As mentioned, in addition to primary myogenic cells, the isolated cell population 

contains fibroblasts. The fraction of fibroblasts can be reduced using a pre-plate process. 

However, a cell population comprised of myogenic cells with some fibroblasts is ideal 

when forming engineered skeletal muscle. Fibroblasts deposit type IV collagen and 

laminin, two main components of the basal lamina structure, and are essential for forming 

a continuous basal lamina structure surrounding differentiating myofibers85. The basal 
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lamina contributes to muscle structure and strength in vivo and is important for 

myogenesis and cell signaling86. In fibrin-based engineered skeletal muscle, a fibroblast-

dense exterior forms that is similar to the connective tissue layer that surrounds native 

muscle tissue87. Additionally, fibroblasts are involved in fibrin degradation and gel 

compaction over time and contribute to the passive forces within the engineered muscle 

structure88. 

1.1.5.1.2 Extracellular M atrix  

The formation of engineered skeletal muscle most commonly involves a scaffold 

such as a hydrogel structure. A scaffold provides mechanical support enhancing the 

structural integrity of the engineered tissue. A scaffold also provides a 3D environment 

for cell differentiation to occur. Furthermore, a scaffold offers a tunable engineered 

muscle system as it allows control over the matrix dimensions and physical properties. 

Fibrin, collagen, and Matrigel are purified natural biopolymers derived from 

tissues and used to fabricate hydrogel-based engineered muscle89,90. The components 

provide cells with a matrix composition that resembles that of native ECM and promotes 

cellular growth. 

Matrigel is made up of structural proteins produced by mouse sarcoma cells. 

Matrigel contains cell adhesion ligands to which myoblasts can attach, allowing the cells 

to differentiate within the matrix91-93. However, Matrigel composition is not clearly 

described, causing uncertainty as to how different Matrigel lots may affect engineered 

muscle function. Moreover, Matrigel cannot be used in humans as it contains xenogenic 

components that upon implantation would elicit an unwanted immune response. 
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 As an in vitro hydrogel scaffold, Matrigel is often combined with collagen or 

fibrin. Engineered muscle fabricated using collagen-Matrigel, however, can only sustain 

low numbers of cells as they tend to compact quickly and rupture93. On the contrary, 

engineered skeletal muscle made using fibrin-based gels has a wider range of capabilities. 

Fibrin-based gels are formed when thrombin cleaves fibrinogen resulting in highly 

bioactive polymeric fibrin networks. Such networks contain the cell adhesion motif RGD 

which promotes cell attachment. Within the fibrin-based matrix, cells are able to 

proliferate, self-organize, and produce their own ECM. Furthermore, the cleavage 

products produced when fibrinogen transitions to fibrin serve as mitogens, regulating 

proliferation of surrounding cells94. 

 As the myofibers mature, they remodel the fibrin matrix, gradually degrading 

much of the original matrix and replacing it with their own ECM95. Unlike myobundles 

prepared using collagen-Matrigel, myobundles made using fibrin-based gels are able to 

last up to 5 weeks in culture without deteriorating or rupturing96. This effect may be due 

to the increased ECM produced in fibrin-based gels resulting in improved mechanical 

strength; or, fibrin may be more compliant than collagen enabling the matrix to better 

withstand forces generated by spontaneous myofiber contractions93. 

1.1.5.1.3 Force Productio n 

For both regenerative and drug screening purposes, contractile force production is 

a key functional characteristic of in vivo skeletal muscle tissue that must be recapitulated 

in vitro. Engineered muscle is capable of replicating the force-length curve and producing 

twitch and tetanus forces; however, the twitch to tetanus ratio, contractile kinetics, and 
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specific force generation are more aligned with embryonic and neonatal muscle values97. 

To date, the highest specific force reported for human engineered muscle is 19.3 

mN/mm2, which is significantly lower than those of native human skeletal muscle (150-

250 mN/mm2)98. To overcome limitations of in vitro culture, formulation and culture 

conditions of the engineered muscle can be altered and optimized to further increase 

muscle hypertrophy and contractile function. For example, given the lack of a vascular 

system to provide oxygen and nutrients directly to the cells, dynamic culture conditions 

can be used to enhance diffusion and transport to the muscle interior. Dynamic culture 

conditions in which myobundles are rocked during culture prevents the development of a 

necrotic core within the muscle by improving mass transport of oxygen and nutrients 

within the muscle environment99. Myofibers in dynamically-cultured engineered muscle 

increased in diameter and the myobundles themselves produced 6-7 fold higher forces 

compared to those cultured in static conditions99. To generate more developmentally 

mature, higher functioning engineered muscle, additional alterations may involve the use 

of electrical and mechanical stimulation, functional innervation, small molecules, and 

biochemical signaling97. 

1.1.5.1.4 Future Developments 

For tissue-engineered skeletal muscle to become more widely used, there are 

several factors that must be considered. Currently, batch-to-batch variabili ty in serum, 

fibrinogen, and Matrigel cause functional differences within the engineered muscle, 

complicating reproducibility . A shift towards serum-free culture conditions using the 

serum-free supplement N2 in our differentiation media helped increase 
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reproducibility 100,101. Furthermore, advances in basal media formula are needed to 

provide more physiologically relevant levels of saccharides, metabolites, and hormones97. 

The use of synthetic or recombinant extracellular matrices is also essential to improve 

reproducibility and toxicity studies and to enable clinical translation of cell and 

engineered tissue therapies97. 

Moreover, engineered muscle is commonly generated from cultures containing 

muscle and some fraction of fibroblasts. However, native muscle is composed of multiple 

cell types necessary for complete muscle development and function. Thus, generating 

more biomimetic engineered muscle requires incorporating motor neurons, sensory 

neuron, vascular, immune, and other supporting cell types97. 

For drug screening purposes, there is a need for the development of more high 

throughput systems with better culture conditions to improve tissue maturation and more 

accurately assay mitochondrial toxicityðthe most common factor of drug toxicity in 

muscle97. Furthermore, the ability to generate and couple together multiple tissue organs 

will allow for the study of organ-organ crosstalk in a tightly regulated environment. Such 

multi-organ or human-on-a-chip systems will provide more physiologically relevant 

drugs screens capable of identifying drug toxicity across multiple tissue organs97.  
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1.2 Specific Aims and Hypotheses 

The overall goal of this work was to develop an in vitro myobundle model of 

rheumatoid arthritis (RA) to characterize muscle function of RA patients, further our 

understanding of the underlying disease mechanisms, and test potential therapeutics that 

can reduce muscle damage and loss in RA. This work was divided into three specific 

aims. The three specific aims and their associated hypotheses are outlined below. 

Specific aim 1: Characterize myobundles made with  cells from RA patients, 

aged healthy donors, and young healthy donors as a benchmark. We hypothesized 

that myobundles derived from RA patients would exhibit differences in structural and 

functional hallmarks of native skeletal muscle, including percentage of striated myofibers 

and contractile force production, compared to myobundles derived from healthy control 

donors. 

Specific aim 2: RA myobundle response to pro-infl ammatory cytokines. We 

hypothesized that compared to aged-matched healthy controls, RA myobundles would be 

more sensitive to treatment with pro-inflammatory cytokines leading to reduced 

contractile force, reduced contractile protein levels, and enrichment of gene sets 

associated with immune response and inflammation. 

Specific aim 3: Evaluate the effect of pharmacologic agents on functional 

recovery of RA myobundles. We hypothesized that RA myobundles with cytokine-

induced contractile dysfunction would respond to treatment with pharmacologic agents 

and show restored contractile force, restored contractile protein levels, and 

downregulation of pro-inflammatory markers associated with RA pathology. 
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2. Characterize Myobundles Made with Cells from RA 
Patients, Aged Healthy Donors, and Young Healthy 
Donors as a Benchmark 

2.1 Introduction 

Rheumatoid arthritis (RA) is a chronic inflammatory disease in which 

autoreactive immune cells affect articular joints and tissues4, and inflammation of the 

synovial membrane damages the cartilage and bone5. Patients with RA experience 

diminished physical function, limited mobil ity, chronic pain, and increased mortality6. 

Furthermore, muscle weakness contributes to disability in RA patients11-14. Loss of 

muscle mass and fat accumulation within muscle tissue occur at increased rates in RA; 

and both are associated with reduced physical function and increased disability, 

especially in women7-10. A wide variety of pharmacologic agents are available to treat 

RA, but management is often complicated by insufficient responses and drug toxicity102. 

These issues are highlighted by the profound disability rates among RA patientsð40% at 

5-10 years post-diagnosisðdespite early and active therapy with disease modifying 

antirheumatic drugs (DMARDs) and other pharmacologic agents6.  

Prior to clinical symptoms of RA, environmental and genetic factors facilitate 

repeated activation of the innate immune system, leading to inflammation in the synovial 

tissue involving circulating autoantibodies, infiltration of monocytes, macrophages, and 

other immune cells, and increased concentrations and types of inflammatory cytokines15. 

In RA, CD14+CD16+ monocytes are elevated in synovial fluid and their levels are 

associated with decreased responsiveness to therapies16. Chronic activation of 

macrophages and T-cells results in the accumulation of immune complexes and matrix 
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metalloproteinases, generated by immune cells and synovial fibroblasts, that damage the 

cartilage, tendon, and bone, producing clinical symptoms15. 

Reduced muscle function contributes to RA disability6,11-14, but due to a lack of 

accurate in vitro RA models, underlying mechanisms are not well understood. We have 

engineered electrically responsive, contractile human skeletal muscle constructs 

(myobundles)58 that we used to examine the impact of RA on muscle function. In this 

study, we investigated the structure and function of myobundles fabricated with primary 

skeletal muscle cells derived from young and aged healthy donors and RA patients. We 

hypothesize that myobundles derived from RA patients exhibit differences in structural 

and functional hallmarks of native skeletal muscle, including percentage of striated 

myofibers and contractile force production, compared to myobundles derived from 

healthy control donors. To our knowledge, this represents the first study to use tissue-

engineered human muscle to characterize muscle function of RA patients. 

2.2 Materials and Methods 

2.2.1 Selection of RA Donors and AgeȤMatched Controls 

This study complied with the Helsinki Declaration and was approved by the Duke 

University Institutional Review Board. Individuals with RA and age-matched controls, 

ages 55-85, were selected within Durham, NC. The RA group met the following criteria: 

(1) RA diagnosis meeting American College of Rheumatology 2010 criteria103; (2) 

seropositive (positive rheumatoid factor or anti-citrullinated protein antibody) or erosions 

typical of RA on radiographs; (3) prednisone use of less than or equal to 5 mg per day; 

and (4) no pharmacologic therapy with corticosteroids within the three weeks prior to 
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study enrollment. Disease activity, assessed by the disease activity score in 28 joints 

(DAS28), was determined using a patient-completed visual analog scale (VAS), 

physician-determined numbers of tender and swollen joints, and erythrocyte 

sedimentation rate (ESR)104. Healthy participants, without a diagnosis of RA, were 

matched to individual participants with RA by gender and age within 3 years. Exclusions 

included the following: (1) current use of ticlopidine, clopidogrel, dipyridamole, 

warfarin, heparin, enoxaparin and other blood thinners; (2) current use of biologic agents, 

except those targeting TNF-Ŭ; (3) other inflammatory arthropathy or myopathy, Paget's 

disease, pigmented villonodular synovitis, joint infection, ochronosis, neuropathic 

arthropathy, osteochondromatosis, acromegaly, hemochromatosis, Wilson's disease, 

osteonecrosis, or knee replacement within the last three months; (4) diagnosis of active 

malignancy, congestive heart failure, diabetes mellitus or chronic obstructive pulmonary 

disease; and (5) coronary stents or any other medical condition for which aspirin cannot 

be temporarily withheld. For additional comparison, skeletal muscle biopsies were 

obtained from young healthy donors, all less than 18 years of age. 

2.2.2 Human Myoblast Culture 

Human skeletal muscle cells were isolated as previously described58,70. Myoblasts 

were cultured in human growth media (hGM) containing low-glucose (LG; 1 g/L 

glucose) DMEM (Gibco) supplemented with 8% fetal bovine serum (Hyclone), 0.4 

µg/mL Dexamethasone (Sigma), 10 ng/mL EGF (VWR), 50 µg/mL Fetuin (Sigma), 0.1% 

Gentamycin (1x) (Gibco), 0.1% Amphotericin B (1x) (Gibco). After the myoblasts 

reached approximately 80% confluence, the cells were enzymatically removed from the 



 

23 

flask using 0.025% trypsin-EDTA and either re-plated in 24-well plates with hGM for 2D 

studies or used to generate three-dimensional myobundles. 

2.2.3 Cell Senescence 

Cells were plated at 19,000 cells/well in 24-well plates and cultured in hGM.  

Cells were then fixed 1-2 days post-plating upon reaching ~60% confluency. The 

senescence ɓ-Galactosidase Staining Kit (Cell Signaling Technologies, Danvers, MA) 

was used according to the manufacturerôs protocol to stain for senescent cells. The stain 

was imaged on a Nikon Eclipse TE2000-U microscope at 10x magnification using the 

NIS Elements software and analyzed using ImageJ. The percentage of senescent cells was 

calculated as the total number of cells that contained the blue ɓ-galactosidase stain 

divided by the total number of cells in the field of view. 

2.2.4 Myoblast Purity 

Cells were plated at 19,000 cells/well in 24-well plates and cultured in hGM. 

Upon reaching ~80% confluency, the cells were fixed in 4% paraformaldehyde for 

20 minutes and then washed three times with DPBS. Cells were blocked in 10% goat 

serum with 3% BSA and 0.2% Triton-X in DPBS for one hour at 37°C. Cells were then 

incubated with primary antibodies, desmin (Abcam, ab15200, 1:250) and vimentin 

(Abcam, ab8978, 1:250), in blocking solution overnight at 4°C. Cells were then washed 

with DPBS three times and incubated with corresponding fluorescently labeled secondary 

antibodies (Invitrogen, A11010, A11029, 1:200) and Hoechst 33342 (Invitrogen, H3570, 

1:1000) at room temperature for 1 hour protected from light. Samples were washed three 

times with DPBS and imaged on a Nikon Eclipse TE2000-U microscope at 10x 



 

24 

magnification using the NIS Elements software and analyzed using ImageJ. For each 

image, myoblast purity was calculated as the total number of vimentin+ cells subtracted 

from the total number of cells divided by the total number of cells. 

2.2.5 Population Doubling Time 

Cells were plated at 19,000 cells/well in 24-well plates and cultured in hGM.  

Cells were imaged at 4, 24, 48, 72, and 96 hours on a Nikon Eclipse TE2000-U 

microscope at 10x magnification using the NIS Elements software and analyzed using 

ImageJ. The log of percent growth over time was plotted and using the slope of the line 

of best fit, population doubling time (td) was calculated by the following formula: td = 

ln(2)/(slope*2.303). 

2.2.6 Human TissueȤEngineered Skeletal Muscle Bundle (Myobundle) 
Culture 

The myobundle assembly procedure was used as previously described58,70. 

Briefly, myoblasts encapsulated in a fibrin/Matrigel matrix were seeded on a nylon 

(Cerex Advanced Fabrics) frame. The matrix was fabricated by mixing a cell solution 

(per bundle, 7.5 Ĭ 105 cells in 17.2 ɛL media and 2 ɛL of 50 U/mL thrombin in 0.1% BSA 

in PBS) and an ice-cold gelling solution (11 ɛL media, 10 ɛL Matrigel, and10 ɛL of 

20 mg/mL fibrinogen in DMEM); then pipetting the mixture in a custom-made Teflon 

mold placed between the beams of a Cerex frame. The myobundles were polymerized in 

the mold and to the frame for 30 minutes and then were cultured in hGM containing 1.5 

mg/mL 6-aminocaproic acid (ACA) on a rocker (0.33 Hz) at 37ÁC. On day 4, the media 

was switched to differentiation media (hDM) consisting of LG-DMEM supplemented 
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with 2% adult horse serum (Hyclone), 0.1% gentamycin (1x), 0.1% amphotericin B (1x), 

10 nM insulin (Sigma), and 2 mg/mL of ACA. Myobundles were differentiated for up to 

10 days. Media was changed every other day. 

2.2.7 Contractile Function and Kinetics Measurements 

Myobundles were stretched to 115% of normal length prior to electrical 

stimulation. Engineered muscle was stimulated at 1 Hertz for 2 seconds to obtain twitch 

force (single pulse), at 20 Hertz for 2 seconds to obtain tetanus force, and at 20 Hertz for 

30 seconds to obtain fatigue force using a custom-made force measurement setup as 

previously described58. Peak twitch and tetanus force, percent fatigue and twitch kinetics 

(time to peak twitch and half-relaxation time) were calculated using a Matlab script. 

Twitch and tetanus forces were calculated as the difference between the highest measured 

force after stimulation and the baseline passive force prior to stimulation. Fatigue was 

calculated as the difference between the peak force and force after 30 seconds of fatigue 

divided by the difference between the peak force and the baseline force. Twitch time to 

max was determined as the time between onset of electrical stimulation and peak force. 

Twitch half-relaxation time was calculated as the time between peak force and return to 

one-half of the difference between the peak force and the baseline force. 

2.2.8 Immunofluorescence Staining of Myobundles 

Samples were prepared and immunostaining performed as previously described58. 

Briefly, myobundles were fixed using 2% PFA overnight at 4°C and then rinsed three 

times with DPBS containing calcium and magnesium. Myobundles were embedded in 

OCT compound, flash frozen in liquid nitrogen, and sectioned on a cryotome (Leica 
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CM3050, 10 µm thickness). Myobundle sections were permeabilized with 0.1% Triton X 

for 30 minutes at room temperature and washed 2 times for 5 minutes in PBS. 

Myobundle sections were incubated in blocking buffer for at least 2 hours at 4 °C. 

Myobundles were incubated with the primary antibodies for sarcomeric Ŭ-actinin (SAA) 

(Abcam, ab9465, 1:200) and myogenin (MyoG) (Abcam, ab124800, 1:200) in blocking 

buffer for 24 hours at 4°C. After the primary antibody incubation, myobundles were 

rinsed three times with blocking buffer and incubated with corresponding fluorescently 

labeled goat anti-mouse and goat anti-rabbit secondary antibodies (Invitrogen, A11029, 

A21070, 1:250) and Hoechst 33342 (Invitrogen, H3570, 1:1000) in blocking buffer for 2 

hours at room temperature. The sections were then rinsed three times in PBS and 

mounted under a coverslip using Fluoromount-G. Samples were imaged at 20x and 40x 

magnification using a Zeiss LSM 510 inverted confocal microscope. Images of 

myobundle cross-sections and longitudinal sections were quantified using ImageJ. 

2.2.9 Western Blotting 

Myobundle protein was isolated in RIPA lysis and extraction buffer with protease 

and phosphatase inhibitor cocktail (Thermo Scientific). Protein concentration was 

determined using Precision Red assay (Cytoskeleton, Inc., Denver, CO) according to the 

manufacturerôs instructions. Western blot was performed using Bio-Rad 4ï15% Mini-

PROTEAN protein gels (Bio-Rad, Hercules, CA). The following primary antibodies were 

used for detection: GAPDH (SCBT, sc-47724, 1:500), myosin heavy chain (MYH) 

(DSHB, AB_2147781, 1:200), SAA (Abcam, ab9465, 1:1000), and myosin light chain 

(MYL ) (SCBT, sc-365243, 1:1000). HRP conjugated anti-mouse antibody (1:2000) was 
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purchased from Invitrogen (#626520). Chemiluminescence was performed using Clarity 

Western ECL substrate (Bio-Rad, 1705061). Images were acquired using a Bio-Rad 

ChemiDoc imaging system and analyzed using ImageJ. 

2.2.10 Cytokine Arrays 

Media was sampled on days 1, 3, and 7 of myobundle differentiation for RA and 

control myobundles. Cytokine arrays were conducted using a ProcartaPlex assay through 

the Duke Immune Profiling Core to detect key cytokines involved in RA including IFN-ɔ, 

IL-1Ŭ, IL-1ɓ, IL-6, IL-7, IL-8, IL-10, IL-12, IL-15, IL-23, granulocyte macrophage 

colony-stimulating factor (GM-CSF), oncostatin M (OSM), TGF-ɓ, TNF-Ŭ, and VEG-

F105. Media samples from RA myobundles and healthy controls were analyzed with 

custom software supplied with the arrays. 

2.2.11 Statistical Analysis 

The assays were performed on cells and myobundles from the 11 RA patients, 10 

aged healthy donors, and 7 young healthy donors. To test the hypothesis that RA 

myobundles differ from controls, results were compared using JMP (SAS) either with an 

unpaired t-test, Leveneôs test for unequal variances, Welchôs test, or a two-way ANOVA 

with repeated measures followed by a post-Hoc Tukey test for multiple comparisons. 

GraphPad Prism was used to perform linear regression tests. 
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2.3 Results 

2.3.1 Donor Characteristics 

Vastus lateralis skeletal muscle biopsies were obtained from 11 RA patients, aged 

57-74 (BMI 20-36.8), and 10 healthy controls, aged 55-76 (BMI 22.1-32.9).  Of the RA 

patients, 3 were male and 8 were female. Of the aged healthy controls, 3 were male and 7 

were female. As shown in Table 1, all RA donors, for which DAS28 score was known, 

had a relatively low DAS28 score (Ò3.2), and thus, are considered to have low disease 

activity. None of the donors examined in this work had a known DAS28 score indicative 

of moderate (3.2<DAS28Ò5.1) or high disease activity (Ó5.1). For additional comparison, 

skeletal muscle biopsies were obtained from the hamstring muscle of 7 young healthy 

donors, all less than 18 years of age. 
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Table 1: Demographic characteristics and laboratory values of the patients with RA and 

aged healthy controls examined in characterization studies.VAS, global health; ESR, 

erythrocyte sedimentation rate; DAS28, Disease Activity Score of 28 joints; ABC, 

abatacept; ADM, adalimumab; HCQ, hydroxychloroquine; IFX, infliximab; LEF, 

leflunomide; MTX, methotrexate; PDN, prednisone; SSZ, sulfasalazine. Skeletal muscle 

biopsies were obtained from the vastus lateralis muscle for 11 RA donors (3 male, 8 female) 

and 10 aged healthy patients (3 male, 7 female). Skeletal muscle biopsies derived from the 

hamstring muscle of young healthy donors (less than 18 years of age) served as a 

benchmark. 

 

This study was originally designed to compare RA and aged healthy control 

myobundles generated from cells derived from the vastus lateralis skeletal muscle. To 

assess any effects of aging, we subsequently decided to include myobundles from young 

healthy donors as a benchmark. Because the cells used to generate young healthy 

myobundles were derived from the hamstring and not the vastus lateralis, these results 

were treated separately. 



 

30 

2.3.2 2D Assays: Senescence, Myoblast Purity, and Population 
Doubling 

Cell senescence was low in RA (6.2±1.1%; n=5), aged control (4.9±1.2%; n=5), 

and young healthy cells (4.9±2.0%; n=4), with no significant differences between RA and 

aged controls (unpaired t-test, P>0.05) (Fig. 1A, B). Additionally, myoblast purity in RA 

(87.3±5.1%; n=10) and aged controls (94.9±1.2%; n=8) were not different (unpaired t-

test, P>0.05) (Fig. 1C, D); however, variance in purity was greater in RA (Leveneôs test, 

P<0.01; Welchôs test for unequal variances, P>0.05). Furthermore, population doubling 

times for RA (62.7±7.7 h; n=8) and aged controls (73.4±5.0 h; n=6) did not differ 

(unpaired t-test, P>0.05) and were similar to the doubling time for young healthy 

myoblasts (55.2±12.4 h; n=4) (Fig. 2). 

 

Figure 1: Percent senescence and myoblast purity of young, aged control, and RA cells. N=4 

young donors, 5 aged controls, 5 RA donors; n=4-6 wells per donor, 4-15 images per well. 
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(B) Representative image of senescence-associated-ɓ-galactosidase staining in a control 

donor. (C) Myoblast purity of young, aged control, and RA cells. N=6 young donors, 8 aged 

controls, 10 RA donors; n=3-7 wells, 3-10 images per well. (D) Representative image of the 

myoblast (desmin+, vimentin+) and fibroblast (vimentin+) cell population in an RA donor. 

Data are represented as mean Ñ S.E.M. Statistical significance was determined using an 

unpaired t-test, Leveneôs test, and Welchôs test. 

 

 

Figure 2: Population doubling times for  young, aged control, and RA cells. (A) Log of 

percent growth at 4, 24, 48, 72, and 96 hours post-plating and (B) corresponding slopes of 

the line of best fit and population doubling times for young, aged control, and RA cells.  

N=4 young donors, 6 aged controls, 8 RA donors; n=4-6 wells, 4-5 images per well.  Data are 

represented as mean Ñ S.E.M. Statistical significance was determined using an unpaired t-

test. 

 

2.3.3 Myobundle Contractile Forces 

Compared to aged controls (n=7 donors), myobundles formed with RA cells (n=6 

donors) generated greater contractile forces for both twitch (P<0.05) and tetanus 

(P<0.05) when differentiated in hDM for 10 days (Fig. 3A). Notably, our findings do not 

suggest any correlation between myoblast purity levels and myobundle contractile 

function for RA and aged controls (Fig. 4). Fatigue was comparable between RA 
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myobundles and aged controls (unpaired t-test, P>0.05) (Fig. 5). Additionally, twitch 

force kinetics assessed on day 10 of differentiation showed no differences between RA 

and aged controls (Fig. 3B). 

 

Figure 3: Tetanic force production and twitch force kinetics of young, aged control, and RA 

myobundles. (A) Tetanic force production and (B) twitch force kinetics of young, aged 

control, and RA myobundles on day 10 of differentiation.  N=6 young donors, 7 aged 

controls, 6 RA donors; n=3-10 myobundles. Data are represented as mean Ñ S.E.M. 

Statistical significance was determined using an unpaired t-test. 
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Figure 4: Myoblast purity versus tetanus force of young, aged control, and RA myobundles. 

N=4 young donors, 6 aged controls, 6 RA donors; n=3-7 wells for myoblast purity and n=3-

10 myobundles for tetanus force. Statistical significance was determined using a linear 

regression test which showed no correlation between myoblast purity and tetanus force for 

RA and controls. 
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Figure 5: Percent fatigue of young, aged control, and RA myobundles on day 10 of 

differentiation.  N=4 young donors, 4 aged controls, 3 RA donors; n=4-10 myobundles.  Data 

are represented as mean Ñ S.E.M. Statistical significance was determined using an unpaired 

t-test. 
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2.3.4 Muscle Protein Analysis 

Western blot for myosin heavy chain (MYH), sarcomeric Ŭ-actinin (SAA), and 

myosin light chain (MYL) were compared to a GAPDH control for 3 RA donors, 3 aged 

controls, and 3 young donors. The donors selected for western blot analysis are a subset 

of the donors that were examined for force production and myofiber maturation. The 

donors within each subset were specifically chosen because they are representative of the 

variance from the mean force with respect to their donor group. 

MYH, SAA, and MYL protein expression for an RA donor and young healthy 

donor appeared greater compared to an aged control (Fig. 6A). Quantification of MYH, 

SAA, and MYL contractile protein expression showed a similar overall trend to that 

observed with force production in that RA protein levels appeared more variable and had 

a larger mean compared to aged controls (Fig. 6B-D). However, an unpaired t-test and 

Leveneôs test for variance did not show a difference between RA and aged controls for 

any of the contractile proteins. 
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Figure 6: Western blot of contractile proteins in young, aged control, and RA myobundles. 

(A) Western blot of MYH, SAA, and MYL in one young donor, one aged control, and one 

RA donor (n=3-4 myobundles) on day 10 of differentiation. Quantified expression of (B) 

MYH , (C) SAA, and (D) MYL normalized to GAPDH for young donors, aged controls, and 

RA donors. N=3 young donors, 3 aged controls, 3 RA donors; n=3-4 myobundles. Data are 

represented as mean Ñ S.E.M. 

 

A linear regression test was performed to assess the individual effects of MYH, 

SAA, and MYL on RA and aged control tetanic force production (Fig. 7A-C). The effects 

of MYH and MYL on contractile force were examined in Figure 7A and C, respectively. 

The plots did not produce a statistically significant fit for MYH (P=0.075) nor MYL 

(P=0.077).  In contrast, regression of SAA levels versus tetanus force produced a fit with 
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an R2 of 0.845 and P=0.010 (Fig. 7B). In sum, the results suggest that SAA contractile 

protein levels play a key role in contractile function for RA myobundles and controls. 

 

Figure 7: Contractile protein levels from western blot analysis versus tetanus force for aged 

control and RA myobundles. (A) MYH, (B) SAA, and (C) MYL protein levels from western 

blot analysis versus tetanus force (day 10 post-shift) for aged control and RA myobundles.  

N=3 aged controls, 3 RA donors; n=3-4 myobundles for western blot protein expression, 

n=4-10 myobundles for tetanus force. Statistical significance was determined using a linear 

regression test. 

 

2.3.5 Analysis of Myobundles and Myofibers 

To assess the structural maturation of RA, aged control, and young healthy 

myobundles over time, myobundles were formed and differentiated in hDM for up to 7 

days. RA (n=5 donors), aged control (n=4 donors), and young healthy myobundles (n=5 

donors) were examined on days 1, 3, and 7 of differentiation (Fig. 8). Longitudinal 

sections were immunostained for SAA and DAPI (Figs. 8A-C, 9A-C). 



 

37 

 

Figure 8: Longitudinal section analysis at 20x magnification of young, aged control, and RA 

myobundles. Representative images of longitudinal sections at 20x magnification of (A) 

young donor, (B) aged control, and (C) RA myobundles immunostained for SAA and nuclei 

after 1, 3 and 7 days of differentiation. (D) SAA+ area and (E) fraction nuclei in SAA+ 

fibers of young, aged control, and RA myobundles on days 1, 3, and 7 of differentiation. 

N=5 young donors, 4 aged controls, 5 RA donors; n=1-2 myobundles, 1-7 sections per 

myobundle, 1-2 images per section. Data are represented as mean Ñ S.E.M. Statistical 

significance was determined using a 2-way ANOVA test with repeated measures, followed 

by Tukey HSD post-hoc. 
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Figure 9: Longitudin al section images at 40x magnification of young, aged control, and RA 

myobundles. Representative images of longitudinal sections at 40x magnification of (A) 

young, (B) aged control, and (C) RA myobundles immunostained for SAA and nuclei after 

1, 3 and 7 days of differentiation. 

 

A two-way ANOVA with repeated measures indicated that time in culture and RA 

disease significantly affected SAA+ area (P<0.01, P<0.0001, resp.) (Fig. 8D), fraction 

nuclei in SAA+ fibers (P<0.01, P<0.0001, resp.) (Fig. 8E), percent striated fibers 

(P<0.05, P<0.05, resp.) (Figs. 10C), and fiber length (P<0.0001, P<0.01, resp.) (Fig. 

10B) for RA and control myobundles. Furthermore, myofiber orientation was 

significantly affected by time in culture (P<0.01), RA disease (P<0.001), and the 

interaction effect between time and RA (P<0.001) (Fig. 10A). 
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Figure 10: Additional longitudinal section analysis at 20x and 40x magnification of young, 

aged control, and RA myobundles. (A) Myofiber orientation, (B) myofiber length, and (C) 

percent striated fibers of young, aged control, and RA myobundles on days 1, 3, and 7 of 

differentiation. (A -B) N=5 young donors, 4 aged controls, 5 RA donors; n=1-2 myobundles, 

1-7 sections per myobundle, 1-2 images per section. (C) N=5 young donors, 3 aged controls, 

5 RA donors; n=1-2 myobundles, 3-8 sections per myobundle, 1-4 images per section. Data 

are represented as mean Ñ S.E.M. Statistical significance was determined using a 2-way 

ANOVA test with repeated measures, followed by Tukey HSD post-hoc. 

 

In longitudinal sections, RA myofibers appeared to become more densely packed 

and aligned over time compared to aged controls (Fig. 8B, C). Image quantification 

supported the observed trends in that RA myobundles showed an increase in SAA+ area 
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(P<0.05) and fraction nuclei in SAA+ fibers (P<0.05) across days 1 through 7 of 

differentiation, whereas aged controls showed no change in these quantities (Fig. 8D, E). 

Furthermore, analysis of myofiber orientation showed increased alignment for RA 

(P<0.05) across days 1 through 7 of differentiation, but not for aged controls (Fig. 10A). 

Percent striated fibers also increased over time for RA (P<0.05) but not for controls (Fig. 

10C). Fiber length increased across days 1 through 7 of differentiation for RA (P<0.01) 

as well as for aged controls (P<0.05) (Fig. 10B). Compared to control groups, RA 

myofibers show enhanced myofiber maturation. These findings support the observed 

differences in force production between RA myobundles and aged controls. 

Additionally, cross-sections were immunostained for SAA, myogenin, and DAPI 

on days 1, 3, and 7 of differentiation (Fig. 11A-C). A two-way ANOVA with repeated 

measures indicated that nuclei per cross-sectional area (P<0.01) and fraction myogenin+ 

nuclei (P<0.01) were significantly affected by donor (Fig. 12B, C). Additionally, this test 

showed that both time in culture and donor, respectively, significantly affected SAA+ 

area per cross-sectional area (P<0.01, P<0.01) (Fig. 12D). No further differences were 

found between RA and controls when examining cross-sectional area, nuclei per cross-

sectional area, fraction myogenin+ nuclei, SAA+ area per cross-sectional area, and fiber 

diameter on days 1, 3, and 7 of differentiation (Fig. 12A-E). Notably, SAA+ area per 

cross-sectional area showed a positive trend across days 1 through 7 of differentiation for 

RA myobundles, but the difference was not statistically significant (P=0.056) (Fig. 12D). 
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Figure 11: Cross-sectional images at 20x magnification of young, aged control, and RA 

myobundles. Representative images of cross-sections of (A) young, (B) aged control, and (C) 

RA myobundles immunostained for SAA, myogenin, and nuclei after 1, 3 and 7 days of 

differentiation. 
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Figure 12: Cross-section analysis at 20x magnification of young, aged control, and RA 

myobundles. (A) Cross-sectional area, (B) nuclei count per cross-sectional area, (C) fraction 

MyoG+ nuclei, (D) SAA+ area per cross-sectional area, and (E) fiber diameter of young, 

aged control, and RA myobundles on days 1, 3, and 7 of differentiation. N=3 young donors, 

4 aged controls, 4 RA donors; n=3-4 myobundles with 3-5 images per myobundle. Data are 

represented as mean ÑS.E.M. Statistical significance was determined using a 2-way 

ANOVA test with repeated measures, followed by Tukey HSD post-hoc. (F) Representative 
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images of young, aged control, and RA myofibers immunostained for SAA, myogenin, and 

nuclei after 7 days of differentiation. Scale bar = 25 µm. 

 

2.3.6 Cytokine Production by RA and Control Myobundles 

Given the prominent role of cytokine signaling in the regulation of skeletal 

muscle differentiation, we wanted to investigate whether the observed differences in RA 

myobundle maturation and force production were paralleled by enhanced secretion of 

muscle-derived cytokines. Levels of pro- and anti-inflammatory cytokines produced by 

RA and control myobundles were measured on days 1, 3, and 7 of differentiation; 

specifically, IFN-ɔ, IL-1Ŭ, IL-1ɓ, IL-6, IL-7, IL-8, IL-10, IL-12, IL-15, IL-23, GM-CSF, 

OSM, TGF-ɓ, TNF-Ŭ, and VEG-F (Figs. 13A-F, 14A-H). The same 3 RA donors, 3 aged 

controls, and 3 healthy donors examined for cross-sectional analysis were examined for 

cytokine production. Cytokines that showed the most robust production levels are 

presented in Figure 13A-F; specifically, GM-CSF, IL -1ɓ, IL-6, IL-8, IL-10, and IL-12.  

All other cytokines that were produced at detectable levels are presented in Figure 14A-

H. 
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Figure 13: Cytokine levels produced by young, aged control, and RA myobundles. Levels of 

(A) GM -CSF, (B) IL-1ɓ, (C) IL -6, (D) IL-8, (E) IL-10, and (F) IL-12 produced by young, 

aged control, and RA myobundles on days 1, 3, and 7 of different iation. N=3 young donors, 

3 aged controls, 3 RA donors; n=3 myobundle media samples, except for ñyoung donor 2, 

day 1ò in which n=2. Data are represented as mean Ñ S.E.M. Statistical significance was 

determined using a 2-way ANOVA test with repeated measures, followed by Tukey HSD 

post-hoc. 
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Figure 14: Additional cytokine levels produced by young, aged control, and RA 

myobundles. Levels of (A) IFN-ɔ, (B) IL -1Ŭ, (C) IL -7, (D) IL-15, (E) IL-23, (F) OSM, (G) 

TGF-ɓ, and (H) VEG-F produced by young, aged control, and RA myobundles on days 1, 3, 

and 7 of differentiation. N=3 young donors, 3 aged controls, 3 RA donors; n=3 myobundle 

media samples, except for ñyoung donor 2, day 1ò in which n=2. Data are represented as 

mean Ñ S.E.M. Statistical significance was determined using a 2-way ANOVA test with 

repeated measures, followed by Tukey HSD post-hoc. 

 

A two-way ANOVA with repeated measures indicated that IL-6 production was 

significantly affected by time in culture (P<0.05) (Fig. 13C). Additionally, this test 
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showed that both time in culture and donor, respectively, had significant effects on 

cytokine production for GM-CSF (P<0.001, P<0.01), IL-1ɓ (P<0.01, P<0.01), IL-8 

(P<0.01, P<0.01), IL-10 (P<0.01, P<0.05), and IL-12 (P<0.01, P<0.0001) (Fig. 13A, B, 

D-F). Aged controls showed a significant increase in IL -8 production only between days 

1 and 3 of differentiation (P<0.05) (Fig. 13D). RA donors showed increased cytokine 

production across days 1 through 7 of differentiation for GM-CSF (P<0.05), IL-1ɓ 

(P<0.05), IL-10 (P<0.05), IL-12 (P<0.05), and VEG-F (P<0.05) whereas aged controls 

did not (Figs. 13A, B, E, F, 14H). Cytokine levels produced by RA and control 

myobundles did not differ within condition (days 1, 3, or 7 of differentiation). Compared 

to controls, RA donors showed enhanced cytokine secretion for a greater number of pro- 

and anti-inflammatory cytokines indicating a potential correlation between RA 

myobundle maturation, force production, and cytokine activity. 

 

2.4 Discussion 

To our knowledge, this represents the first study to use tissue-engineered human 

muscle to characterize muscle function of RA patients. Key results are that in 2D culture, 

RA myoblast purity, growth rate, and senescence were not statistically different than aged 

controls, however, RA myoblast purity showed greater variance compared to controls. 

Surprisingly, in 3D culture, contractile force production of RA myobundles was 

greater compared to aged controls. In support of this finding, assessment of RA myofiber 

maturation showed increased area of sarcomeric Ŭ-actinin expression over time compared 

to control groups. Our findings also showed in RA but not aged controls, numbers of 
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nuclei in SAA+ fibers increased over time. Furthermore, a linear regression test indicated 

a positive correlation between sarcomeric Ŭ-actinin protein levels and tetanus force 

production in RA and control groups. Notably, the contractile force kinetic parameters, 

twitch time to maximum force and twitch half-relaxation time, did not differ between RA 

and aged controls. Comparable contractile force kinetics indicates that RA myobundles 

and aged controls may have similar calcium handling properties and metabolic 

phenotype. 

Therapy with TNF-Ŭ inhibitors leads to overall reduction in pro-inflammatory 

cytokine levels in patients with RA106. In RA patients, a single infusion of the TNF-Ŭ 

inhibitor, Infliximab, decreased serum IL-6 concentrations and reduced synovial 

synthesis of TNF-Ŭ, IL-1Ŭ, and IL-1ɓ106. Reduced IL-1 levels result in reduced synthesis 

of matrix metalloproteinases and other degradative enzymes106. This could explain why 

RA myobundle cytokine levels do not differ from controls. However, given the small 

sample size of RA donors and wide range of medication use (Table 1), we were unable to 

draw specific conclusions regarding how individual medication use impacts outcomes. 

Future work may involve a greater sample size and more restrictive criteria in which RA 

patients taking any medications besides TNF-Ŭ inhibitors, for instance, will  be excluded. 

Future work in this area would provide a more controlled means to assess whether RA 

patients taking specific disease remitting medications (e.g., DMARDs, TNF-Ŭ inhibitors) 

have comparable muscle function relative to healthy individuals of similar ages, and 

whether this effect is retained and observed in in vitro culture. 
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Due to the disease treatment, all the RA donors in this study, for which DAS28 

score was known, had a relatively low DAS28 score (Ò3.2) and are therefore considered 

to have low disease activity. Perhaps myoblasts derived from RA donors with higher 

disease activity would exhibit less of a difference in myobundle contractile force and 

more differences regarding other phenotypic characteristics compared to controls. 

However, biopsies from RA patients with high disease activity would need to be obtained 

at the time of diagnosis, before treatment begins. This criteria could prove challenging 

since individuals diagnosed with high disease activity are quickly placed on medication. 

Additionally, the muscle outgrowth process may favor myoblasts that have not been 

adversely affected by RA contributing to improved RA myobundle function. 

Furthermore, the non-myogenic cells, or fibroblasts, are mesenchymal in origin and 

should be considered when engineering skeletal muscle. In vivo, connective tissue 

fibroblasts are vitally important in producing extracellular matrix protein that 

encapsulates muscle fibers. Martin et al. has demonstrated the importance of seeding 

density of skeletal muscle derived cells on the structure of skeletal muscle within tissue 

engineered constructs107. They found that when considering the ratios of myogenic to 

non-myogenic cells, the structural similarity to native muscle was increased further by 

increasing the number of desmin+ cells107. Their results showed that only constructs 

seeded with the highest proportion of desmin+ cells (75%) exhibited a characteristic 

striated pattern107. Our results showed that the majority of RA donors had high 

proportions of desmin+ cells (greater than 80% for 8 of 10 RA donors), comparable to 

aged controls. However, despite having high proportions of desmin+ cells, RA myofibers 
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exhibited a significant increase in striated fibers over time whereas the aged controls did 

not. 

A variety of pro-inflammatory cytokines, including TNF-Ŭ, IL-1, IL-6, and IL-23 

are recognized as key mediators in the processes that cause inflammation and 

comorbidities (e.g. bone erosion, cartilage destruction) associated with RA108-110. 

Recently, Huffman et al. reported that patients with RA have 75% greater muscle 

concentration of IL-6 than age-matched healthy controls23. In addition to IL-6, increased 

levels of IL-1ɓ, IL-8, TNF-Ŭ, and toll-like receptor (TLR)-4 have been observed in 

skeletal muscle from RA patients23,111. Interestingly, the muscle concentration of these 

inflammatory markers was positively associated with the disease activity, disability, pain, 

and physical inactivity in patients with RA23. Future work comparing contractile 

properties of engineered and native tissue fibers from RA donors would provide 

important insight into the underlying impact of RA on skeletal muscle function. 

Furthermore, TNF-Ŭ and IL-6 promote stress associated with reactive oxygen species and 

reactive nitrogen species (ROS/RNS) in skeletal muscle75,112. In turn, ROS/RNS are 

suggested inducers of pro-inflammatory cytokine expression (e.g. TNF-Ŭ and IL-6) in 

various inflammatory conditions113,114. Acute exposure of TNF-Ŭ to skeletal muscle 

elevates ROS/RNS stress and reduce the force generation capacity75,115,116. Future work 

using our in vitro system may help to better understand the complex crosstalk present 

between cytokines and ROS/RNS that occurs in RA and other diseases involving chronic 

inflammation. 
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Although several animal models of RA have been developed, they are induced by 

mechanisms different from those occurring in humans26-28. The ideal animal model for 

RA should closely resemble the complex pathogenesis and symptoms underlying the 

disease, including chronic inflammatory infiltrates, destructive arthropathy, bone erosion, 

and articular cartilage degradation27. Current RA animal models are highly reproducible 

and of short duration. Each model features a different mechanism driving the disease 

expression. The most common in vivo models used for the study of RA include those 

related with genetic, immunological, hormonal, and environmental interactions. Of the 

various animal models, the collagen-induced arthritis (CIA) model could be regarded the 

most successful by generating arthritis using type II collagen and adjuvants and assessing 

therapeutic compounds both intra-articularly and systemically27. Compared to healthy 

controls, the CIA mice had decreased endurance exercise performance total time, grip 

strength, free locomotion, and tibialis anterior gastrocnemius muscle weight29. 

Sarcoplasmic ratios and myofiber diameter were also reduced in CIA, confirming the 

atrophy of skeletal muscle mass and presence of clinical symptoms of rheumatoid 

cachexia in CIA compared to the control group29. 

The majority of human studies are performed on the vastus lateralis muscle, a 

muscle that contains mixed fiber type. However, minimal comparative data is available 

between multiple muscles in either animal or human models. Oyenihi et al. investigated 

muscle structure and redox indicators across various muscles using the CIA model with 

female Sprague-Dawley rats30. Three muscles, the gastrocnemius, extensor digitorum 

longus (EDL), and soleus, showed reduction in muscle mass, while the vastus lateralis 
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muscle mass increased by 35% in CIA animals compared to controls30. All four muscles, 

however, showed deterioration indicative of rheumatoid cachexia30. Cross-sectional area 

was also reduced in all muscles except vastus lateralis, which was less affected30. This is 

consistent with our findings when comparing RA myobundle cross-sectional area to 

controls. Furthermore, ROS levels were significantly increased in all muscles except the 

vastus lateralis30. 

The young healthy skeletal muscles cells used in this study were derived from a 

different muscle source (hamstring) than were the RA and aged control cells (vastus 

lateralis of the quadriceps). Different muscle groups may differ in fiber-type composition 

which could affect functional and structural characteristics of the muscle, and in turn, 

myofiber maturation, contractile force, and cytokine production analyses of myobundles 

derived from these cells. Nevertheless, the young healthy donors still provide useful 

insight into potential differences between young and aged primary skeletal muscle cells. 

Population doubling time and cell senescence levels appeared comparable between young 

and aged cells. Myofiber maturation and cytokine production also appeared to be 

comparable. These findings are supported by a study by Alsharidah et al. in which they 

reported that primary human muscle precursor cells obtained from young and old donors 

produced similar proliferative, differentiation, and senescent profiles in culture117. 

In future studies, we plan to incorporate into the myobundles monocyte-derived 

macrophages, cytokines, and myokines, key components of the innate immune response, 

to (1) model key variables affecting the progression of RA and (2) serve as a platform for 

pharmaceutical candidate testing allowing for ineffective drugs to be quickly identified, 
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reducing the time and money involved in the drug development pipeline. Since chronic 

inflammation and muscle loss play a role in other diseases such as osteoarthritis, 

sarcopenia, and cachexia in heart failure and cancer75, this work would serve as a proof-

of-principle for modeling and treating inflammation and fibrosis of muscle. 

2.5 Conclusions 

Rheumatoid arthritis (RA) is a chronic inflammatory disease primarily targeting 

the joints. Autoreactive immune cells involved in RA affect other tissues, including 

skeletal muscle. Patients with RA experience diminished physical function, limited 

mobility, reduced muscle function, chronic pain, and increased mortality. To explore the 

impact of RA on skeletal muscle, we engineered electrically responsive, contractile 

human skeletal muscle constructs (myobundles) using primary skeletal muscle cells 

isolated from the vastus lateralis muscle of 11 RA patients (aged 57-74) and 10 aged 

healthy donors (aged 55-76), as well as from the hamstring muscle of 6 young healthy 

donors (less than 18 years of age) as a benchmark. Since all patients were receiving 

treatment for the disease, RA disease activity was mild. In 2D culture, RA myoblast 

purity, growth rate, and senescence were not statistically different than aged controls; 

however, RA myoblast purity showed greater variance compared to controls. 

Surprisingly, in 3D culture, contractile force production by RA myobundles was greater 

compared to aged controls. In support of this finding, assessment of RA myofiber 

maturation showed increased area of sarcomeric Ŭ-actinin expression over time compared 

to aged controls. Furthermore, a linear regression test indicated a positive correlation 

between sarcomeric Ŭ-actinin protein levels and tetanus force production in RA and 
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controls. Our findings suggest that medications prescribed to RA patients may maintainð

or even enhanceðmuscle function, and this effect is retained and observed in in vitro 

culture. Future studies regarding the effects of RA therapeutics on RA skeletal muscle, in 

vivo and in vitro, are warranted. 
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3. RA Myobundle Response to Pro-Inflammatory 
Cytokines 

3.1 Introduction 

Rheumatoid arthritis (RA) is a chronic inflammatory disease that affects articular 

joints and tissues, including skeletal muscle, the largest tissue in the body4,5. Although 

RA originates in the joint synovium, the systemic inflammatory response promotes 

muscle atrophy and increases muscle protein degradation20,21. Patients with RA 

experience diminished physical function, high disability rates, limited mobility, chronic 

pain, and increased mortality 6. Loss of muscle mass as well as fat accumulation within 

muscle tissue occur at increased rates in RA; and, both are associated with reduced 

physical function and increased disability , especially in women7-10. Skeletal muscle 

weakness clearly contributes to RA disability, yet the mechanisms by which this occurs 

are poorly understood. 

Prior to clinical symptoms of RA, environmental and genetic factors facilitate 

repeated activation of the innate immune system, leading to inflammation in the synovial 

tissue involving monocytes, cytokines, and other immune cells15. In RA, CD14+CD16+ 

monocytes are elevated in synovial fluid and their levels are associated with decreased 

responsiveness to therapies16. Chronic activation of macrophages and T-cells results in 

the accumulation of immune complexes and matrix metalloproteinases, generated by 

immune cells and synovial fibroblasts, that damage the cartilage, tendon, and bone, 

producing clinical symptoms15. TNF-Ŭ and interleukins, IL-1ɓ and IL-6, are key drivers 
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of disease pathogenesis17, and are aided by IL-13, IL-15, IL-17, IL-18, TGF-ɓ, 

granulocyte macrophage colony-stimulating factor (GM-CSF), and IFN-ɔ15,18. 

While inflammation aids in muscle regeneration, unregulated inflammatory 

reactions affect muscle repair and function. Chronic elevation of TNF-Ŭ is associated 

with muscle wasting and loss of muscle function38,39. TNF-Ŭ enhances protein 

catabolism41, decreases muscle contractile force, and leads to increased production of 

muscle-derived oxidants42,43. TNF-Ŭ impairs myoblast cell cycle exit in cultured murine 

skeletal muscle44 and suppresses MyoD gene and protein expression in myoblasts44,45, 

thereby inhibiting both muscle cell fusion and subsequent differentiation into mature 

fibers. TNF-Ŭ may decrease the force of mature fibers by altering Ca2+ release from the 

sarcoplasmic reticulum46. Although predominantly generated by immune cells in 

response to antigenic challenges and cancer, TNF-Ŭ is produced by many cell types, 

including skeletal muscle47. Thus, chronic inflammation induced by RA can create a 

positive feedback loop whereby cytokine secretion by skeletal muscle, and monocyte 

accumulation, exacerbate the inflammatory response, further weakening the muscle 

tissue. 

Furthermore, TNF-Ŭ and IFN-ɔ, when given together, reduce expression of 

myosin heavy chain in C2C12 mouse-derived myoblasts via NF-əB and JAK/STAT 

signaling pathways and activate Atrogin1 and MuRF1, two ubiquitin ligases and atrophy-

related genes involved in ubiquitination and proteolysis of muscle proteins48. In C2C12 

myocytes, TNF-Ŭ-induced activation of NF-əB inhibited differentiation by suppressing 

MyoD mRNA45. In differentiated myotubes, TNF-Ŭ plus IFN-ɔ signaling was necessary 
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for NF-kBïdependent down-regulation of MyoD and skeletal myofiber dysfunction45. 

MyoD mRNA was also downregulated by TNF-Ŭ and IFN-ɔ expression in mouse muscle 

in vivo45. 

In previous work in collaboration with Megan Kondash, we investigated the 

development of a human tissue-engineered skeletal muscle model of inflammation with 

and without macrophages118. To polarize macrophages to an M1 pro-inflammatory state, 

macrophages were differentiated using GM-CSF and treated with Lipopolysaccharide 

(LPS) and IFN-ɔ with and without TNF-Ŭ119-122. Our results suggested that, in young 

healthy skeletal muscle donors, macrophages alone do not inhibit contractile force 

whereas cytokines alone do inhibit force, and macrophages have no additional effect on 

force when combined with cytokine treatment. Skeletal muscle fibers themselves showed 

a robust secretion of a wide range of cytokines after exposure to pro-inflammatory 

cytokines. Polarized macrophages showed minimal effect on the inflammatory state of 

the myobundles. 

Based on these results, we developed a sterile inflammation model using the pro-

inflammatory cytokines GM-CSF, IFN-ɔ, and TNF-Ŭ, which play key roles in mediating 

inflammatory responses in skeletal muscle109. In young healthy skeletal muscle donors, 

myobundles treated with these pro-inflammatory cytokines showed reduced contractile 

force and increased cytokine production. In this chapter, we investigate the effects of pro-

inflammatory cytokines on myobundles generated from RA donors compared to aged-

matched healthy controls. We demonstrated that RA myobundles were more sensitive to 

treatment with pro-inflammatory cytokines leading to reduced contractile force and 
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reduced contractile protein levels. RNA sequencing (RNA-seq) and gene set enrichment 

analysis (GSEA) was performed to identify gene sets associated with altered gene 

expression for each of the comparisons performed. Gene sets that were enriched in 

cytokine-treated RA myobundles, but not cytokine-treated controls, involved genes 

upregulated in response to hypoxia and genes upregulated during unfolded protein 

response. From the hypoxia gene set, Pim1 and MT-1 were identified as potential 

therapeutic targets for treating RA-associated muscle dysfunction. 

3.2 Materials and Methods 

3.2.1 Selection of RA Donors and AgeȤMatched Controls 

This study complied with the Helsinki Declaration and was approved by the Duke 

University Institutional Review Board. Individuals with RA and age-matched controls, 

ages 55-85, were selected within Durham, NC. The RA group met the following criteria: 

(1) RA diagnosis meeting American College of Rheumatology 2010 criteria103; (2) 

seropositive (positive rheumatoid factor or anti-citrullinated protein antibody) or erosions 

typical of RA on radiographs; (3) prednisone use of less than or equal to 5 mg per day; 

(4) no pharmacologic therapy with corticosteroids within the three weeks prior to study 

enrollment; and (5) a score of 5 or above on the following phone screen question: ñOn a 

scale of 1 to 10, how severe would you rate your RA disease? 1=óI canôt tell I have RAô 

and 10=óI have multiple joints that are stiff and swollen and my RA is as bad as it has 

ever been.ô ò Disease activity, assessed by the disease activity score in 28 joints (DAS28), 

was determined using a patient-completed visual analog scale (VAS), physician-

determined numbers of tender and swollen joints, and erythrocyte sedimentation rate 
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(ESR)104. Healthy participants, without a diagnosis of RA, were matched to individual 

participants with RA by gender and age within 3 years.  Exclusions included the 

following: (1) current use of ticlopidine, clopidogrel, dipyridamole, warfarin, heparin, 

enoxaparin and other blood thinners; (2) current use of biologic agents, except those 

targeting TNF-Ŭ; (3) other inflammatory arthropathy or myopathy, Paget's disease, 

pigmented villonodular synovitis, joint infection, ochronosis, neuropathic arthropathy, 

osteochondromatosis, acromegaly, hemochromatosis, Wilson's disease, osteonecrosis, or 

knee replacement within the last three months; (4) diagnosis of active malignancy, 

congestive heart failure, diabetes mellitus or chronic obstructive pulmonary disease; and 

(5) coronary stents or any other medical condition for which aspirin cannot be 

temporarily withheld. 

3.2.2 Human Myoblast Culture 

Human skeletal muscle cells were isolated as previously described58,70. Myoblasts 

were cultured in human growth media (hGM) containing low-glucose (LG; 1 g/L 

glucose) DMEM (Gibco) supplemented with 8% fetal bovine serum (Hyclone), 0.4 

µg/mL Dexamethasone (Sigma), 10 ng/mL EGF (VWR), 50 µg/mL Fetuin (Sigma), 0.1% 

Gentamycin (1x) (Gibco), 0.1% Amphotericin B (1x) (Gibco). After the myoblasts 

reached approximately 80% confluence, the cells were enzymatically removed from the 

flask using 0.05% trypsin-EDTA and used to generate three-dimensional myobundles. 

3.2.3 Human Myobundle Culture and Treatment 

The myobundle assembly procedure was used as previously described58,70. 

Briefly, myoblasts encapsulated in a fibrin/Matrigel matrix were seeded on a nylon 
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(Cerex Advanced Fabrics) frame. The matrix was fabricated by mixing a cell solution 

(per bundle, 7.5 Ĭ 105 cells in 17.2 ɛL media and 2 ɛL of 50 U/mL thrombin in 0.1% BSA 

in PBS) and an ice-cold gelling solution (11 ɛL media, 10 ɛL Matrigel, and10 ɛL of 

20 mg/mL fibrinogen in DMEM); then pipetting the mixture in a custom-made Teflon 

mold placed between the beams of a Cerex frame. The myobundles were polymerized in 

the mold and to the frame for 30 minutes and then were cultured in hGM containing 1.5 

mg/mL 6-aminocaproic acid (ACA) on a rocker (0.33 Hz) at 37ÁC. On day 4, the media 

was switched to differentiation media (hDM) consisting of LG-DMEM supplemented 

with 1X N-2 supplement (ThermoFisher Scientific), 0.1% gentamycin (1x), 0.1% 

amphotericin B (1x), and 2 mg/mL of ACA. Myobundles were differentiated for up to 14 

days. Media was changed every other day. 

Myobundles were cultured with cytokines for either 3 or 7 days prior to endpoint 

testing. Myobundles were treated with IL-1ɓ (PeproTech, 200-01B), IL -6 (PeproTech, 

200-06), TNF-Ŭ (Sigma-Aldrich, H8916), and IFN-ɔ (PeproTech, 300-02) either 

individually or in combination. Treatment concentrations are specified in sections 3.3.2, 

3.3.3, 3.3.4, and 3.3.5. 

3.2.3 Contractile Function and Kinetics Measurements 

Myobundles were stretched to 115% of normal length prior to electrical 

stimulation. Engineered muscle was stimulated at 1 Hertz for 2 seconds to obtain twitch 

force (single pulse), at 20 Hertz for 2 seconds to obtain tetanus force, and at 20 Hertz for 

30 seconds to obtain fatigue force using a custom-made force measurement setup as 

previously described58. Peak twitch and tetanus force, percent fatigue and twitch kinetics 
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(time to peak twitch and half-relaxation time) were calculated using a Matlab script. 

Twitch and tetanus forces were calculated as the difference between the highest measured 

force after stimulation and the baseline passive force prior to stimulation. Specific twitch 

and tetanus forces were calculated by dividing the force output of a myobundle by the 

cross-sectional area of that myobundle. Images were taken of the myobundles prior to 

force testing and Image J was used to determine the diameter at the mid-point of each 

bundle. Myobundle cross-sectional area was calculated under the assumption that each 

myobundle cross-section is a perfect circle. Fatigue was calculated as the difference 

between the peak force and force after 30 seconds of fatigue divided by the difference 

between the peak force and the baseline force. Twitch time to max was determined as the 

time between onset of electrical stimulation and peak force. Twitch half-relaxation time 

was calculated as the time between peak force and return to one-half of the difference 

between the peak force and the baseline force. 

3.2.4 Immunofluorescence Staining of Myobundles 

Samples were prepared and immunostaining performed as previously described58. 

Briefly, myobundles were fixed using 2% PFA overnight at 4°C (or 4% PFA for 1.5 hours 

at room temperature) and then rinsed three times with DPBS containing calcium and 

magnesium. Myobundles were embedded in OCT compound, flash frozen in liquid 

nitrogen, and sectioned on a cryotome (Leica CM3050, 10 µm thickness). Myobundle 

sections were permeabilized with 0.1% Triton X for 30 minutes at room temperature and 

washed 2 times for 5 minutes in PBS. Myobundle sections were incubated in blocking 

buffer for at least 2 hours at 4 °C. Myobundles were incubated with the primary 
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antibodies for sarcomeric Ŭ-actinin (SAA) (Abcam, ab9465, 1:200) in blocking buffer for 

24 hours at 4°C. After the primary antibody incubation, myobundles were rinsed three 

times with blocking buffer and incubated with fluorescently labeled goat anti-mouse 

secondary antibody (Invitrogen, A11029, 1:250) and Hoechst 33342 (Invitrogen, H3570, 

1:1000) in blocking buffer for 2 hours at room temperature. The sections were then rinsed 

three times in PBS and mounted under a coverslip using Fluoromount-G. Samples were 

imaged at 20x and 40x magnification using a Zeiss LSM 510 inverted confocal 

microscope. Images of myobundle cross-sections and longitudinal sections were 

quantified using ImageJ. 

3.2.4 Western Blotting 

Myobundle protein was isolated in RIPA lysis and extraction buffer with protease 

and phosphatase inhibitor cocktail (Thermo Scientific). Protein concentration was 

determined using Precision Red assay (Cytoskeleton, Inc., Denver, CO) according to the 

manufacturerôs instructions. Western blot was performed using Bio-Rad 4ï15% Mini-

PROTEAN protein gels (Bio-Rad, Hercules, CA). The following primary antibodies were 

used for detection: beta-actin loading control (Invitrogen, MA5-15739, 1:1000), myosin 

heavy chain (MYH) (DSHB, AB_2147781, 1:200), CD126/IL-6R (Bio-Rad, AHP2449, 

1:500), and myosin light chain (MYL) (SCBT, sc-365243, 1:1000). HRP conjugated anti-

mouse antibody (1:2000) was purchased from Invitrogen (#626520). HRP conjugated 

anti-rabbit antibody (1:5000) was purchased from Vector Laboratories (PI-1000-1). 

Chemiluminescence was performed using West Femto Maximum Sensitivity Substrate 

(Thermo Scientific , 34095) for IL-6R detection and Clarity Western ECL substrate (Bio-
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Rad, 1705061) for detection of all other proteins. Images were acquired using a Bio-Rad 

ChemiDoc imaging system and analyzed using ImageJ. 

3.2.5 Cytokine Arrays 

RA and control myobundle media were sampled on day 9 of myobundle 

differentiation, 48 hours post-treatment with pro-inflammatory cytokines. Cytokine 

arrays were conducted using a ProcartaPlex assay through the Duke Immune Profiling 

Core to detect key cytokines involved in RA including IFN-ɔ, IL-1ɓ, IL-4, IL -6, IL-7, IL-

8, IL-12p70, IL-15, IL -17A, IL-18, IL -21, IL -23, granulocyte macrophage colony-

stimulating factor (GM-CSF), RANKL, and TNF-Ŭ105. Media samples from RA 

myobundles and healthy controls were analyzed with custom software supplied with the 

arrays. 

3.2.7 RNA-Sequencing 

RA and control myobundles were flash frozen in liquid nitrogen on day 14 of 

differentiation prior to total RNA extraction. RNA extraction was performed using the 

Aurum Total RNA Mini Kit from BioRAD. Samples were stored at -80°C until assayed. 

RNA libraries were sequenced as 50 pair-ended base pairs with a NovaSeq 6000 S-Prime 

(sequencing output per flow cell: 65-80 Gb; clusters passing filter per flow cell: 650-800 

M) at the Duke Sequencing and Genomics Technologies Core Facility. Initial data 

analysis including processing and quality control of samples, Principal Components 

Analysis (PCA) and H-clustering, linear models to compare across treatment and disease 

types, gene set enrichment analysis (GSEA) for the results of each comparison, and 

QIAGEN Ingenuity Pathway Analysis (IPA) was performed by Duke Genomic Analysis 
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and Bioinformatics Core Facility. We used R programming to make additional statistical 

comparisons. For each comparison, we performed additional QIAGEN IPA and 

GSEA123,124 to identify pathways and gene sets, respectively, associated with altered gene 

expression. GSEA was conducted using Hallmark gene set database (and human Ensembl 

gene IDs) with an FDR cutoff of 0.05 and nominal p-value of 0.05 or less. Volcano plots 

and Venn diagrams of differentially expressed genes were generated using Python. When 

generating these plots, cutoff criteria was implemented in which the adjusted p-value was 

0.05 or less and log2FC was the absolute value of 2 or greater. 

3.2.8 Statistical Analysis 

For experiments involving multiple donors, a global normalization method was 

used for each functional measure to account for inherent variability between myobundles 

generated from different donors. To implement this method, a global averageð

equivalent to the average of all raw output values from all conditions and donorsðwas 

first determined. A donor-specific average was then determined from all the conditions 

for which that donor was used. Next, a multiplier calculated as the ratio of the global 

average to the donor-specific average was propagated through the raw data for each 

donor. Last, the normalized donor-specific averages for each donor for each condition 

were averaged to obtain the overall average per condition. Global normalization 

maintains the relative differences between conditions within donors while minimizing 

differences between donors. 

Furthermore, for experiments involving multiple donors, individual donor 

averages were used for statistical analysis and the number of donors was used to 
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determine the standard error of mean (S.E.M.). For experiments involving one donor, 

individual myobundle output values were used for statistical analysis and the number of 

myobundles per condition was used to determine S.E.M. Results were compared using 

JMP (SAS) with a one-way or two-way ANOVA followed by a post-Hoc Tukey test for 

multiple comparisons or using GraphPad Prism with a one-way or two-way ANOVA with 

repeated measures followed by a post-Hoc Tukey test. 

3.3 Results 

3.3.1 Donor Characteristics 

Vastus lateralis skeletal muscle biopsies obtained from 7 RA patients and 7 

healthy controls were used in the studies shown in this chapter. Demographic 

characteristics and laboratory values of the RA patients and healthy controls are presented 

in Table 2. 
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Table 2: Demographic characteristics and laboratory values of the patients with RA and 

aged healthy controls assessed in pro-inf lammatory  cytokine response studies. VAS, global 

health; ESR, erythrocyte sedimentation rate; DAS28, Disease Activity Score of 28 joints; 

ABC, abatacept; ETN, etanercept; HCQ, hydroxychloroquine; IFX , infliximab; LEF, 

leflunomide; MTX, methotrexate; PDN, prednisone; SSZ, sulfasalazine. Skeletal muscle 

biopsies were obtained from the vastus lateralis muscle for 7 RA donors and 7 aged healthy 

patients. 

 

3.3.2 Three-Day Cytokine Treatment of RA and Aged Control 
Myobundles Using IFN-ɔ, GM-CSF, and TNF-Ŭ 

To examine differences in the effect of pro-inflammatory cytokines on RA and 

aged control force production and evaluate the extent of RA skeletal muscle sensitivity to 

pro-inflammatory cytokines, RA and aged control myobundles were treated with lower 

concentrations of IFN-ɔ than we had previously tested in young healthy donors118. 

RA and control myobundles were treated with either 5 ng/mL IFN-ɔ + 10 ng/mL 

GM-CSF, 10 ng/mL IFN-ɔ + 10 ng/mL GM-CSF, 20 ng/mL IFN-ɔ + 10 ng/mL GM-CSF, 
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or 40 ng/mL TNF-Ŭ + 20 ng/mL IFN-ɔ + 10 ng/mL GM-CSF for 3 days, from day 7 to 

day 10 post-differentiation of the myobundles, followed immediately by endpoint testing. 

3.3.2.1 Myobundle Contracti le Forces and Kinetics 

For twitch force (Fig. 15A), a two-way ANOVA with repeated measures showed 

significant effects of RA (p<0.0001), cytokine treatment (p<0.001), and interaction 

between RA disease and cytokine treatment (p<0.01). For tetanus force (Fig. 15B), a two-

way ANOVA with repeated measures showed significant effects of RA (p<0.0001), 

cytokine treatment (p<0.0001), and interaction between RA and cytokine treatment 

(p<0.05). Treatment with IFN-ɔ + GM-CSF reduced tetanus force production in RA 

myobundles compared to controls (Fig. 15B). Treatment with IFN-ɔ + GM-CSF + TNF-Ŭ 

reduced twitch and tetanus force in RA myobundles, but not in controls (Fig. 15A-B).  

To account for an effect of treatment on myobundle cross-sectional area, specific 

twitch and tetanus forces were calculated (Fig. 15C-D). For specific twitch force (Fig. 

15C), a two-way ANOVA with repeated measures showed a significant effect of cytokine 

treatment (p<0.0001) and a significant interaction effect between RA disease and 

cytokine treatment (p<0.01). For specific tetanus force (Fig. 15D), a two-way ANOVA 

with repeated measures showed significant effects of RA (p<0.001), cytokine treatment 

(p<0.0001), and interaction between RA and cytokine treatment (p<0.05). Treatment with 

IFN-ɔ + GM-CSF, at all concentrations of IFN-ɔ, reduced specific twitch and tetanus 

forces production in RA myobundles compared to controls (Fig. 15C-D). Treatment with 

IFN-ɔ + GM-CSF + TNF-Ŭ combined showed the greatest reduction in force production 
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in RA myobundles compared to controls (Fig. 15C-D). Overall, after 3 days of treatment, 

RA myobundles exhibited greater sensitivity to cytokine treatment than controls. 

 

Figure 15: Twitch and tetanus force of RA and control myobundles treated with IFN-ɔ, 

GM-CSF, and TNF-Ŭ for 3 days. (A) Twitch, (B) tetanus force, (C) specific twitch, and (D) 

specific tetanus of RA and control myobundles treated with IFN-ɔ, GM-CSF, and TNF-Ŭ 

for 3 days and force tested on day 10 post-dif ferentiation. N=5 RA donors (RAM E100, 

RAME104, RAME107, RAME108, RAME109), 3 control  donors (RAMC100, RAMC101, 

RAMC108); n=3-6 myobundles per donor. Data are represented as mean± S.E.M. Statistical 
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significance was determined using a two-way ANOVA with repeated measures followed by 

Tukey HSD post-hoc test. *p<0.05, **p<0.01 represents statistical significance compared to 

no treatment control.  

 

Regarding twitch force kinetics, treatment with IFN-ɔ + GM-CSF ± TNF-Ŭ 

showed a significant effect of RA on twitch time to max force (p<0.0001) and twitch 

half-relaxation time (p<0.001) (Fig. 16A-B) and a significant effect of cytokine treatment 

on twitch half-relaxation time (p<0.01) (Fig. 16B). Tukey post-hoc test for multiple 

comparisons, however, showed no significant differences between treatment groups and 

respective untreated controls (Fig. 16). 

 

Figure 16: Twitch force kinetics of RA and control myobundles treated with IFN-ɔ, GM-

CSF, and TNF-Ŭ for 3 days. (A) Twitch time to max force and (B) twitch half-relaxation 

time of RA and control myobundles treated with IFN-ɔ, GM-CSF, and TNF-Ŭ for 3 days 

and force tested on day 10 post-dif ferentiation. N=5 RA donors, 3 control  donors; n=3-6 

myobundles per donor. The same donors were used as listed Fig. 15. Data are represented 

as mean± S.E.M. Statistical significance was determined using a two-way ANOVA with 

repeated measures followed by Tukey HSD post-hoc test. 
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Treatment with IFN-ɔ + GM-CSF ± TNF-Ŭ showed a significant effect of RA 

(p<0.01) and a significant interaction effect between RA and cytokine treatment (p<0.01) 

on myobundle fatigue (Fig. 17). Controls showed a statistically significant yet modest 

13% reduction in fatigue when treated with 10 ng/mL IFN-ɔ + 10 ng/mL GM-CSF 

compared to respective untreated controls (Fig. 17). RA showed no differences between 

treatment conditions and respective untreated controls (Fig. 17). 
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Figure 17: Percent fatigue of RA and control myobundles treated with IFN-ɔ, GM-CSF, and 

TNF-Ŭ for 3 days. RA and control myobundles treated with IFN-ɔ, GM-CSF, and TNF-Ŭ 

for 3 days and fatigue tested on day 10 post-dif ferentiation. N=5 RA donors, 3 control  

donors; n=3-6 myobundles per donor. The same donors were used as listed Fig. 15. Data are 

represented as mean± S.E.M. Statistical significance was determined using a two-way 

ANOVA  with repeated measures followed by Tukey HSD post-hoc test. *p<0.05 represents 

statistical significance compared to no treatment control. 
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3.3.2.2 M yobundle  and M yofiber Analysis  

Cross-sections of cytokine-treated myobundles immunostained for SAA, 

myogenin (MyoG), and nuclei were compared between 5 RA donors and 2 control 

donors. A third control donor (RAMC105) was also quantified. However, unlike other 

control donors, this donor was found to be extremely sensitive to IFN-ɔ and produced 

extremely low forces in response to treatment. Donor RAMC105 was therefore excluded 

from this study. 

Treatment with 20 ng/mL IFN-ɔ + 10 ng/mL GM-CSF or 40 ng/mL TNF-Ŭ + 20 

ng/mL IFN-ɔ + 10 ng/mL GM-CSF did not significantly affect cross-sectional area in RA 

and control myobundles (Fig. 18A-D). Statistical analysis within the RA group showed 

no difference in cross-sectional area, SAA+ area, fraction myogenin+ nuclei, nuclei 

count, or fiber diameter compared to respective untreated controls (Fig. 19A-E). Refer to 

Table 2 for specific donor information. 
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Figure 18: Cross-sections of RA and control myobundles treated with IFN-ɔ, GM-CSF, and 

TNF-Ŭ for 3 days. (A) Control  and (B-D) RA myobundles were fixed and immunostained 

for SAA, myogenin, and nuclei at day 10 of differentiation  after 3 days of either no 

treatment or treatment with 20 ng/mL IFN-ɔ + 10 ng/mL GM-CSF or 40 ng/mL TNF-Ŭ + 20 

ng/mL IFN-ɔ + 10 ng/mL GM-CSF. Images were taken at 20x magnification. Scale bar = 

100 µm. 
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Figure 19: Cross-sectional analysis of RA and control myobundles treated with IFN-ɔ, GM-

CSF, and TNF-Ŭ for 3 days. (A) Cross-sectional area, (B) SAA+ area per cross-sectional 

area, (C) nuclei count per cross-sectional area, (D) fraction MyoG+ nuclei, and (E) fiber 

diameter of RA (grey scale) and control myobundles (blue) on day 10 of differentiation. N= 

5 RA donors, 2 control donors; for A -D, n=5-10 images (1 image per section, 5 sections per 

bundle, 1-2 bundles per condition per donor); for E, n=60-120 fibers (10 fibers per image, 1 

image per section, 6 sections per bundle, 1-2 bundles per condition per donor). Data are 

represented as mean Ñ S.E.M. Statistical significance was determined for RA donors using a 

one-way ANOVA test with repeated measures, followed by Tukey HSD post-hoc test. 

 

3.3.2.3 Cytokine Production  

Given the prominent role of cytokine signaling in regulation of skeletal muscle 

repair and function, we wanted to investigate whether the observed differences in RA 

force production in response to cytokine exposure were paralleled by enhanced secretion 
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of muscle-derived cytokines. Levels of pro- and anti-inflammatory cytokines produced 

by RA and control myobundles were measured on day 9 of differentiation, 48 hours post-

treatment with IFN-ɔ + GM-CSF ± TNF-Ŭ. Treatment conditions were the same as for the 

force studies shown in section 3.3.2.1. Media samples were collected and assayed for 5 

RA donors and 3 control donors. Samples for RA donor RAME106 were collected from 

only four of the five conditions tested, so results for this donor were excluded from the 

final analysis. Cytokines measured included IFN-ɔ, IL-1ɓ, IL-4, IL-6, IL-7, IL-8, IL-

12p70, IL-15, IL -17A, IL-18, IL-21, IL-23, granulocyte macrophage colony-stimulating 

factor (GM-CSF), RANKL,  and TNF-Ŭ. Cytokines that were present at detectable levels 

across treatment conditions are shown in Figure 20A-I; specifically, GM-CSF, IFN-ɔ, IL-

4, IL -6, IL-8, IL-12, IL-18, IL -21, and TNF-Ŭ. 

A two-way ANOVA with repeated measures showed that RA and cytokine 

treatment, respectively, significantly affected GM-CSF (p<0.0001, p<0.01), IFN-ɔ 

(p<0.0001, p<0.0001), IL-4 (p<0.0001, p<0.0001), IL-12 (p<0.0001, p<0.05), IL-18 

(p<0.0001, p<0.001), and IL-21 levels (p<0.0001, p<0.001) (Fig. 20A-C, F-H).  

IL -6 levels were significantly affected by RA (p<0.0001), cytokine treatment 

(p<0.0001), and an interaction effect between RA and cytokine treatment (p<0.0001) 

(Fig. 20D). Notably, treatment with 40 ng/mL TNF-Ŭ + 20 ng/mL IFN-ɔ + 10 ng/mL 

GM-CSF significantly increased IL-6 production in RA and control myobundles 

compared to respective untreated controls. In response to this treatment, IL-6 levels 

increased from 3.12 ± 1.56 pg/mL to 339.68 ± 169.84 pg/mL (~108-fold) in RA 
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myobundles and from 11.84 ± 6.83 pg/mL to 1020.4 ± 589.13 pg/mL (~85-fold) in 

controls (Fig. 20D). 

IL -8 levels were significantly affected by RA (p<0.0001), cytokine treatment 

(p<0.0001), and an interaction effect between RA and cytokine treatment (p<0.0001) 

(Fig. 20E). RA myobundles treated with 40 ng/mL TNF-Ŭ + 20 ng/mL IFN-ɔ + 10 ng/mL 

GM-CSF exhibited a greater increase in IL-8 levels (20.06 ± 10.03 pg/mL to 2498.51 ± 

1249.25 pg/mL; ~124-fold) compared to control myobundles (67.92 ± 39.21 pg/mL to 

4593.39 pg/mL ± 2651.99; ~67-fold) (Fig. 20E). 

TNF-Ŭ levels were significantly affected by RA (p<0.0001), cytokine treatment 

(p<0.001), and an interaction effect between RA and cytokine treatment (p<0.001) (Fig. 

20I). Additionally, TNF-Ŭ levels were found to increase slightly in control myobundles 

treated with 5 ng/mL IFN-ɔ + 10 ng/mL GM-CSF or 10 ng/mL IFN-ɔ + 10 ng/mL GM-

CSF compared to untreated controls (Fig. 20I). 

GM-CSF, IFN-ɔ, IL -4, IL-12, IL-18, IL-21, and TNF-Ŭ levels could not be 

detected in RA and control myobundles that were not exposed to pro-inflammatory 

cytokines (Fig. 20A-D, F-I). 
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Figure 20: Cytokine concentrations in the media of RA and control myobundles treated 

with IFN-ɔ, GM-CSF, and TNF-Ŭ for  3 days. Levels of (A) GM-CSF, (B) IFN-ɔ, (C) IL -4, 

(D) IL -6, (E) IL -8, (F) IL -12, (G) IL-18, (H) IL -21, and (I) TNF-Ŭ measured in RA and 

control myobundle media on day 9 of differentiation, 48 hours post-treatment with pro-

inflammatory cytokines. N=4 RA donors (RAME100, RAME104, RAME108, RAME109), 3 

control donors (RAMC101, RAMC107, RAMC108); n=3 myobundle media samples per 

donor. Data are represented as mean ÑS.E.M. Statistical significance was determined using 

a two-way ANOVA test with repeated measures, followed by Tukey HSD post-hoc test. 

*p<0.05, **p<0.01, ***p <0.001 represents statistical significance compared to no treatment 

control. 
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3.3.3 Three-Day Cytokine Treatment of RA and Aged Control 
Myobundles using IFN-ɔ with and Without IL-1ɓ, IL-6, and TNF-Ŭ 

To examine the effect of a wider range of pro-inflammatory cytokines as well as 

isolate the effect of IFN-ɔ on RA force production, RA and aged-matched control 

myobundles were treated with pro-inflammatory cytokines IL-1ɓ, IL-6, and TNF-Ŭ in 

addition to IFN-ɔ. 

RA and control myobundles were treated with either 5 ng/mL IFN-ɔ, 5 ng/mL IL-

1ɓ + 5 ng/mL IL-6 + 5 ng/mL TNF-Ŭ ñcytokine cocktailò, or 5 ng/mL IL -1ɓ + 5 ng/mL 

IL -6 + 5 ng/mL TNF-Ŭ + 5 ng/mL IFN-ɔ for 3 days, from day 7 to day 10 post-

differentiation of the myobundles, followed immediately by endpoint testing. 

3.3.3.1 Myo bundl e Contractile Forces and Kinetics  

For twitch force (Fig. 21A), a two-way ANOVA showed significant effects of RA 

(p<0.001), cytokine treatment (p<0.05), and interaction between RA and cytokines 

(P<0.01). For tetanus force (Fig. 21B), a two-way ANOVA showed significant effects of 

RA (p<0.001), cytokine treatment (p<0.0001), and interaction between RA and cytokines 

(P<0.001). As anticipated from our previous experiments, 5 ng/mL IFN-ɔ significantly 

reduced twitch and tetanus force production in RA but not in controls (Fig. 21A-B). 

Notably, the cytokine cocktail treatment did not affect force production in RA or control 

myobundles. When IFN-ɔ was combined with the cytokine cocktail, force production was 

again significantly reduced in RA twitch and tetanus forces demonstrating RA 

myobundles sensitivity to IFN-ɔ over other pro-inflammatory cytokines. A similar 

response to treatment was observed in RA and control myobundles when examining 
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specific twitch and tetanus forces (Fig. 21C-D) indicating minimal effect of treatment on 

myobundle cross-sectional area. 

 

Figure 21: Twitch and tetanus forces of RA and control myobundles treated with IFN-ɔ 

with and without IL -1ɓ, IL -6, and TNF-Ŭ for 3 days. (A) Twitch, (B) tetanus force, (C) 

specific twitch, and (D) specific tetanus of RA and control myobundles treated with IFN-ɔ, 

IL -1ɓ, IL-6, and TNF-Ŭ for  3 days and force tested on day 10 post-dif ferentiation. N=5 RA 

donors (RAE109, RAME104, RAME106, RAME108, RAME109), 3 control  donors 
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(RAMC100, RAMC107, RAMC108); twitch, n=3-5 myobundles per donor; tetanus, n=4-5 

myobundles per donor. Data are represented as mean± S.E.M. Statistical significance was 

determined using a two-way ANOVA  followed by Tukey HSD post-hoc test. *p<0.05, 

**p<0.01, *** p<0.001 represents statistical significance. 

 

Twitch time to max force was significantly affected by cytokine treatment 

(p<0.001) and interaction between RA and cytokine treatment (p<0.05) (Fig. 22A). 

Furthermore, RA (p<0.01) and cytokine treatment (p<0.001) significantly affected twitch 

half-relaxation time (Fig. 22B). Compared to untreated controls, treatment with IFN-ɔ, 

the cytokine cocktail, and IFN-ɔ with the cytokine cocktail exhibited modest reduction of 

twitch time to max force (7.50%, 8.29%, and 11.74%, respectively) in control 

myobundles (Fig. 22A). Cytokine treatment did not affect twitch time to max force in RA 

myobundles (Fig. 22A). Treatment with the cytokine cocktail increased twitch half-

relaxation time by 14.65% in RA and by 18.24% in control myobundles (Fig. 22B). 
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Figure 22: Twitch force kinetics of RA and control myobundles treated with IFN-ɔ with and 

without IL -1ɓ, IL-6, and TNF-Ŭ for 3 days. (A) Twitch time to max force and (B) twitch 

half-relaxation time of RA and control myobundles treated with IFN-ɔ, IL -1ɓ, IL-6, and 

TNF-Ŭ for  3 days and force tested on day 10 post-dif ferentiation. N=5 RA donors, 3 control  

donor; n=3-5 myobundles per donor. The same donors were used as listed in Fig. 21. Data 

are represented as mean± S.E.M. Statistical significance was determined using a two-way 

ANOVA  followed by Tukey HSD post-hoc test. *p<0.05, **p<0.01 represents statistical 

significance. 

 

Treatment with IFN-ɔ with and without the cytokine cocktail showed significant 

effects of RA (p<0.05) and cytokine treatment (p<0.01) on myobundle fatigue (Fig. 23). 

However, there were no statistically significant differences between specific conditions 

for RA and controls. 
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Figure 23: Percent fatigue of RA and control myobundles treated with IFN-ɔ with and 

without IL -1ɓ, IL-6, and TNF-Ŭ for 3 days and tested on day 10 post-dif ferentiation. N=5 

RA donors, 3 control  donors; n=4-5 myobundles per donor. The same donors were used as 

listed in Fig. 21. Data are represented as mean± S.E.M. Statistical significance was 

determined using a two-way ANOVA followed by Tukey HSD post-hoc test. 

 

3.3.3.2 M yobundle  and M yofi ber Analysis  

Longitudinal sections of cytokine-treated RA and control myobundles were 

immunostained for SAA and nuclei (Fig. 24). Treatment with IFN-ɔ combined with the 

cytokine cocktail appeared to improve myofiber maturation in controls (Fig. 24). In RA, 

this same treatment appeared to disrupt fiber alignment and cause thinning of fibers (Fig. 

24). These morphological observations may correspond to the force reduction in RA 
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myobundles and the lack of effect on force in controls in response to treatment with IFN-

ɔ combined with the cytokine cocktail  (Fig. 21). 

 

Figure 24: Longitudinal sections of RA and control myobundles treated with IFN-ɔ with 

and without IL -1ɓ, IL-6, and TNF-Ŭ for 3 days. (A) Control  and (B) RA myobundles were 

fixed and immunostained for SAA and nuclei at day 10 of differentiation  after 3 days of 

treatment with IFN-ɔ with and without  IL -1ɓ, IL-6, and TNF-Ŭ. Images were taken at 20x 

magnification. Scale bar = 100 µm. 

 

3.3.4 Three-Day Treatment of RA and Aged Control Myobundles with 
IFN-ɔ, IL-1ɓ, IL-6, and TNF-Ŭ Individually and in Various Combinations 

3.3.4.1 Myobundle Contractile  Forces 

To further investigate the effects of IFN-ɔ, IL -1ɓ, IL-6, and TNF-Ŭ on myobundle 

contractile function, we examined cytokines individually and in various combinations for 

3 days, from day 7 to day 10 post-differentiation of the myobundles, followed by 
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endpoint force testing in a single RA donor. RA myobundles were treated with either 5 

ng/mL IFN-ɔ, 5 ng/mL IL -1ɓ, 5 ng/mL IL-1ɓ + 5 ng/mL IFN-ɔ, 5 ng/mL IL-1ɓ + 5 

ng/mL TNF-Ŭ, 5 ng/mL IL -1ɓ + 5 ng/mL TNF-Ŭ + 5 ng/mL IFN-ɔ, 5 ng/mL IL-6, or 5 

ng/mL IL -6 + 5 ng/mL IFN-ɔ. As expected, 5 ng/mL IFN-ɔ reduced tetanus force 

production in RA myobundles (Fig. 25A-B). 5 ng/mL IL -1ɓ alone and 5 ng/mL IL-6 

alone had no effect on force (Fig. 25A-B). Accounting for myobundle cross-sectional 

area and assessing specific force showed additional significant differences between 

treatment groups (Fig. 25B). Here, treatment with 5 ng/mL IL -1ɓ + 5 ng/mL IFN-ɔ as 

well as 5 ng/mL IL -1ɓ + 5 ng/mL TNF-Ŭ + 5 ng/mL IFN-ɔ reduced tetanus force in RA 

myobundles (Fig. 25B). IFN-ɔ showed a dominant effect in these two cases. However, 

when IFN-ɔ was combined with IL-6, there appeared to be some restoration of force as 

treatment with 5 ng/mL IL-6 + 5 ng/mL IFN-ɔ did not differ from untreated controls. 
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Figure 25: Twitch and tetanus force of RA myobundles treated with combinations of IFN-ɔ, 

IL -1ɓ, IL-6, and TNF-Ŭ for 3 days. (A) Twitch and tetanus forces and (B) specific twitc h 

and tetanus forces of RA myobundles treated with IFN-ɔ, IL -1ɓ, IL-6, and TNF-Ŭ either 

individually or in co mbination for  3 days and force tested on day 10 post-dif ferentiation. 

N=1 RA donor (RAME109); twitch, n=3-4 myobundles; tetanus, n=4 myobundles. Data are 

represented as mean± S.E.M. Statistical significance was determined using separate one-

way ANOVAs followed by Tukey HSD post-hoc test. *p<0.05, **p<0.01 represents 

statistical significance compared to no treatment control. 

 

For comparison, a control donor was treated with 5 ng/mL IFN-ɔ ± 5 ng/mL IL-6 

for 3 days, from day 7 to day 10 of myobundle differentiation, followed by endpoint 

force testing. Similar results were observed for twitch and tetanus forces (Fig. 26A) 

compared to respective specific twitch and tetanus forces (Fig. 26B) indicating minimal 

effect of cytokine treatment on cross-sectional area for control myobundles. IL-6 alone 

had no effect on contractile force in control myobundles (Fig. 26A-B). Treatment with 

IFN-ɔ with and without IL-6 increased twitch force in control myobundles (Fig. 26A-B). 
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Treatment with IFN-ɔ alone had no effect on tetanus force (Fig. 26A-B). However, when 

IFN-ɔ was combined with IL-6, tetanus force increased compared to untreated controls 

indicating a potential positive effect of IL-6 (Fig. 26A-B). The results shown in Figures 

25 and 26 helped motivate the next series of experiments.  

 

 
Figure 26: Twitch and tetanus forces of control myobundles treated with IFN-ɔ with and 

without IL -6 for 3 days. (A) Twitch and tetanus forces and (B) specific twitch and tetanus 

forces of control myobundles treated with IFN-ɔ with and without  IL -6 for  3 days and force 

tested on day 10 post-dif ferentiation. N=1 control donor (RAM C107); n=4-5 myobundles. 

Data are represented as mean± S.E.M. Statistical significance was determined using 

separate one-way ANOVAs followed by Tukey HSD post-hoc test. *p<0.05, **p<0.01, 

** *p<0.001 represents statistical significance compared to no treatment control.  
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3.3.5 Seven-Day Cytokine Treatment of RA and Aged Control 
Myobundles using IFN-ɔ with and Without IL-6 

Pro-inflammatory cytokines that demonstrated the most significant effects on RA 

myobundle function were narrowed down to IFN-ɔ and IL-6. To further investigate the 

effects of IFN-ɔ and IL-6 on RA skeletal muscle, RA and age-matched control 

myobundles were treated with either 5 ng/mL IFN-ɔ, 5 ng/mL IL-6, and 5 ng/mL IFN-ɔ + 

5 ng/mL IL-6 for 7 days, from day 7 to day 14 post-differentiation of the myobundles, 

followed immediately by endpoint testing. In these experiments, the treatment timeline 

was extended from 3 days to 7 days to allow for more ñchronicò exposure to cytokines. 

This increased exposure time gives cytokines more time to interact with the myobundles 

and potentially exhibit a more pronounced effect. These treatment conditions were 

applied to all experiments shown in section 3.3.5. 

3.3.5.1 Myo bundle Contractile Forces and Kinetics  

 Similar results were observed for RA and control twitch and tetanus forces (Fig. 

27A-B) compared to respective specific twitch and tetanus forces (Fig. 27C-D) indicating 

minimal effect of cytokine treatment on cross-sectional area for RA and control 

myobundles. For specific twitch force (Fig. 27C), a two-way ANOVA showed a 

statistically significant interaction effect between RA and cytokine treatment (p<0.05). 

Specific tetanus force (Fig. 27D) showed significant effects of RA (p<0.05) and cytokine 

treatment (p<0.0001). Treatment for 7 days with IFN-ɔ reduced tetanus force in RA 

myobundles but not in controls (Fig. 27B, D). Treatment with IL-6, however, had no 

effect on force for RA myobundles or controls (Fig. 27A-D). Combined treatment of 
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IFN-ɔ and IL-6 reduced tetanus force in RA myobundles but not in controls (Fig. 27B, 

D). With the extended treatment duration of 7 days, any beneficial effect of IL-6 (Figs. 

25, 26) had been overpowered by the deleterious effects of IFN-ɔ. 
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Figure 27: Twitch and tetanus force of RA and control myobundles treated with IFN-ɔ with 

and without IL -6 for 7 days. (A) Twitch force, (B) tetanus force, (C) specific twitch force, 

and (D) specific tetanus force of RA and control myobundles treated with IFN-ɔ with and 

without IL -6 for  7 days and force tested on day 14 post-dif ferentiation. N=3 RA donors 

(RAME104, RAME106, RAME109), 3 control  donors (RAMC107, RAMC109, RAMC111); 

n=3-5 myobundles per donor. Data are represented as mean± S.E.M. Statistical significance 

was determined using a two-way ANOVA followed by Tukey HSD post-hoc test. ** *p<0.001 

represents statistical significance. 

 



 

88 

Treatment with IFN-ɔ with and without IL-6 showed no effect on twitch time to 

max force (Fig. 28A). Twitch half -relaxation time showed significant effects of RA 

(p<0.05) and cytokine treatment (p<0.001) (Fig. 28B). Treatment with IFN-ɔ increased 

twitch half -relaxation time in RA myobundles compared to untreated controls (Fig. 28B). 

Fatigue showed significant effects of RA (p<0.05) and cytokine treatment (p<0.05) as 

well as an interaction effect between RA and cytokine treatment (p<0.01) (Fig. 28C). 

Fatigue was lower in untreated RA myobundles compared to untreated controls (Fig. 

28C). Treatment with IFN-ɔ with and without IL -6 reduced fatigue in control donors 

(Fig. 28C). 

 

 

Figure 28: Twitch force kinetics and percent fatigue of RA and control myobundles treated 

with IFN-ɔ with and without IL -6 for 7 days. (A) Twitch time to max force, (B) twitch half-

relaxation time, and (C) percent fatigue of RA and control myobundles treated with IFN-ɔ 

with and without  IL -6 for  7 days and force tested on day 14 post-dif ferentiation. N=3 RA 

donors, 3 control  donors; n=3-5 myobundles per donor. The same donors were used as 

listed in Figure 27. Data are represented as mean± S.E.M. Statistical significance was 

determined using a two-way ANOVA followed by Tukey HSD post-hoc test. *p<0.05, 

**p<0.01 represents statistical significance. 
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3.3.5.2 M yobundl e and M yofi ber Analysi s 

 Longitudinal sections of cytokine-treated myobundles immunostained for SAA 

and nuclei were compared between 3 RA donors and 3 control donors. Representative 

images for one RA donor and one control at 20x magnification are presented in Figure 

29A-B. Treatment with IFN-ɔ appeared to increase fiber alignment in RA and controls 

(Fig. 29A-B). Treatment with IL-6 did not appear to affect myofiber morphology in RA 

and controls (Fig. 29A-B). 

 

Figure 29: Longitudinal sections at 20x magnification of RA and control myobundles 

treated with IFN-ɔ with and without IL -6 for 7 days. (A) Control  and (B) RA myobundles 

were fixed and immunostained for SAA and nuclei at day 14 of differentiation  after 7 days 

of treatment with IFN-ɔ with and without IL -6. Scale bar = 100 µm. 

 

Representative images for one RA donor and one control at 40x magnification are 

presented in Figure 30A-B. At increased magnification, SAA immunostaining revealed 

that while striations are observed in RA and control myobundles for all treatment 
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conditions, IFN-ɔ treatment with and without IL-6 caused sarcomere degradation in RA 

myobundles but not in controls (Fig. 30A-B). 

 

Figure 30: Longitudinal sections at 40x magnification of RA and control myobundles 

treated with IFN-ɔ with and without IL -6 for 7 days. (A) Control  and (B) RA myobundles 

were fixed and immunostained for SAA and nuclei at day 14 of differentiation  after 7 days 

of treatment with IFN-ɔ with and without IL -6. Scale bar = 100 µm. 

 

A two-way ANOVA indicated a statistically significant effect of RA on fraction 

nuclei in SAA+ fibers (p<0.05) (Fig. 31B) and percent striated fibers (p<0.0001) (Fig. 

31E). SAA+ area (Fig. 31A), myofiber orientation (Fig. 31C), and fiber length (Fig. 31D) 

were not affected by RA or cytokine treatment. As previously noted, treatment with IFN-

ɔ appeared to increase fiber alignment in RA and controls (Fig. 29A-B). Although not 

statistically signif icant, quantification of myofiber orientation showed a trend of 

increased alignment for both RA and controls when treated with IFN-ɔ (Fig. 31C). 

Interesting, treatment with IL-6 increased percent striated fibers in RA compared to 

control myobundles (Fig. 31E). 
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Figure 31: Longitudinal section analysis of RA and control myobundles treated with IFN-ɔ 

with and without IL -6 for 7 days. (A) SAA+ area, (B) fraction nuclei in SAA+ fibers, (C) 

myofiber orientation, (D) myofiber length, and (E) percent striated fibers of RA and control 

myobundles on day 14 of differentiation  after 7 days of treatment with IFN-ɔ with and 
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without IL -6. N=3 RA donors (RAME104, RAME106, RAME109), 3 control donors 

(RAMC107, RAMC109, RAMC111); SAA+ area, fraction nuclei in SAA+ fibers (n=6 

images per donor); myofiber orientation, myofiber length (n=6 images per donor, 15 fibers 

per image); striated fibers (n=16 images per donor). Data are represented as mean± S.E.M. 

Statistical significance determined using two-way ANOVA, followed by Tukey HSD post-

hoc. *p<0.05 represents statistical significance. 

 

3.3.5.3 Muscle Protein Analysis  

Western blot for myosin heavy chain (MYH), soluble IL-6 receptor (IL-6R), and 

myosin light chain (MYL) were compared to a ɓ-actin control for 3 RA donors and 3 

controls. Treatment with IFN-ɔ appeared to reduce MYH and MYL levels in RA 

myobundles compared to controls (Fig. 32A). MYH, IL-6R, and MYL levels in 

myobundles treated with IL-6 appeared comparable to untreated controls for RA and 

control donors (Fig. 32A). IL-6R expression appeared low across all conditions for RA 

and controls (Fig. 32A). Quantification of MYH showed significant effects of RA 

(p<0.01) and cytokine treatment (p<0.05) (Fig. 32B). IL-6R levels were also significantly 

affected by RA (p<0.0001) and cytokine treatment (p<0.01) (Fig. 32C). MYL levels were 

significantly affected by RA (p<0.05) (Fig. 32D). 

IL-6R levels were lower in RA myobundles compared to controls for all treatment 

conditions except for IFN-ɔ combined with IL-6 (Fig. 32C). Treatment with IFN-ɔ 

showed a trend of increased IL-6R levels in RA myobundles and controls (Fig. 32C). 

Although this trend was not statistically significant, it was consistent with the trend 

observed in IL -6R RNA expression for IFN-ɔ-treated RA myobundles and IFN-ɔ-treated 

controls. RNA results will be further discussed in the following section. 

Although not statistically significant, treatment with IFN-ɔ showed a trend of 

reduced MYH and MYL levels in RA donors compared to respective untreated controls, 
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whereas control donors showed no change (Fig. 32B, D). Notably, treatment with IL-6 

increased MYH levels in RA myobundles compared to RA myobundles treated with IFN-

ɔ (Fig. 32B). These findings are consistent with our force results where we showed a 

reduction in force in RA myobundles due to IFN-ɔ, but no change in age-matched 

controls (Fig. 27B, D). Our force results also showed increased tetanus force in IL-6-

treated RA myobundles compared to RA myobundles treated with IFN-ɔ (Fig. 27B, D). 

These results indicate a correlation between RA force production and RA contractile 

protein levels in response to treatment with IFN-ɔ. 

 

Figure 32: Western blot of contractile proteins and IL -6 soluble receptor in RA and control 

myobundles for 7 days. (A) Western blot of MYH,  IL -6R, and MYL in one RA donor and 

one control on day 14 of differentiation  after 7 days of treatment with IFN-ɔ with and 

without IL -6. Quantified expression of (B) MYH , (C) IL -6R, and (D) MYL normalized to ɓ-
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actin for RA and controls. N=3 RA donors (RAME 104, RAME106, RAME109), 3 control 

donors (RAMC109, RAMC111, RAMC113). 4 myobundles were pooled together per 

condition per donor to obtain protein sample. Data are represented as mean± S.E.M. 

Statistical significance determined using two-way ANOVA, followed by Tukey HSD post-

hoc. *p<0.05, **p<0.01 represents statistical significance. 

 

3.3.5.4 RNA -Sequencing  Analysis  

3.3.5.4.1 Principal Components Analysis  

To determine which signaling pathways were most affected in RA versus control 

myobundles treated with IFN-ɔ with and without IL-6 for 7 days, RNA-sequencing was 

performed for 3 RA donors and 3 controls. A principal components analysis (PCA) plot 

of the gene expression results is shown in Figure 33. PC2 within the PCA plot showed 

variability among donors, in which control donors were more variable than RA donors 

(Fig. 33). However, it should be noted that the 8% variance associated with PC2 was 

significantly lower than the 60% variance associated with PC1 (Fig. 33). PC1 showed 

that for each donor, samples that were either untreated or treated with IL-6 appeared to 

cluster together, whereas samples treated with IFN-ɔ with or without IL-6 clustered 

together (Fig. 33). This form of clustering indicated that IFN-ɔ was the differentiating 

factor producing the largest effect on gene expression for RA and control myobundles, 

whereas IL -6 had minimal effect. These findings agreed with our force results for RA 

myobundles in which IFN-ɔ reduced force and IL-6 had no effect alone and no additional 

effect on force when combined with IFN-ɔ (Fig. 27). 
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Figure 33: Principal components analysis of gene expression of RA and control myobundles 

treated with IFN-ɔ with and without IL -6 for 7 days. RA and control myobundles were 

treated with IFN-ɔ with and without  IL -6 for  7 days and flash frozen on day 14 post-

dif ferentiation prior to  RNA isolation. N=3 RA donors (RAME104, RAME106, RAME109), 

3 control donors (RAMC107, RAMC109, RAMC111); n=4 myobundle RNA samples per 

donor, except n=3 for RAMC111 IFN-ɔ condition. Myobundles were pooled together per 

condition per donor. 

 

3.3.5.4.2 Heatmaps and Dendrograms 

 Heatmaps and dendrograms for treatment in RA myobundles and controls are 

shown in Figure 34. On the left side of the heatmap in Figure 34A, the control donors that 

were treated with IFN-ɔ with and without IL-6 cluster together. On the right side, the 

control donors that were either untreated or treated with IL-6 cluster together (Fig. 34A). 



 

96 

This division in gene expression among control donors was created by IFN-ɔ treatment 

(Fig. 34A). 

On the left side of the heatmap in Figure 34B, the RA donors that were either 

untreated or treated with IL -6 cluster together. On the right side, the RA donors that were 

treated with IFN-ɔ with and without IL-6 cluster together (Fig. 34B). Similar to control 

donors, this division in gene expression among RA donors was created by IFN-ɔ 

treatment (Fig. 34B). These findings agree with the PCA plot results (Fig. 33). 
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Figure 34: Heatmaps and dendrograms of gene expression of RA and control myobundles 

treated with IFN-ɔ with and without IL -6 for 7 days. Heatmap and dendrogram of gene 

expression for tr eatment within (A) control and (B) RA myobundles. RA and control 

myobundles were treated with IFN-ɔ with and without  IL -6 for  7 days and flash frozen on 
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day 14 post-dif ferentiation prior to  RNA isolation. N=3 RA donors, 3 control donors; n=4 

myobundle RNA samples per donor, except n=3 for RAMC111 IFN-ɔ condition. The donors 

are the same as those listed in Figure 33. Myobundles were pooled together per condition 

per donor.  

 

Figure 35 shows a heatmap and dendrogram of the interaction between RA 

disease and cytokine treatment for RA and control myobundles. The results showed that 

all three RA donors that were untreated or treated with IL-6 clustered together (Fig. 35). 

These RA donors were separated from the RA and control donors treated with IFN-ɔ with 

and without IL -6 (Fig. 35). Furthermore, the three control donors that were either 

untreated or treated with IL-6 were separated from the RA and control donors treated 

with IFN-ɔ with and without IL-6 (Fig. 35). Last, we found that the control donors treated 

with IFN-ɔ with and without IL-6 were separated from the RA donors treated with IFN-ɔ 

with and without IL-6 (Fig. 35). 
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Figure 35: Heatmap and dendrogram of gene expression showing treatment-disease 

interaction of RA and control myobundles treated with IFN-ɔ with and without IL-6 for 7 

days. Heatmap and dendrogram of gene expression for treatment-disease interaction within 

RA and control myobundles. RA and control myobundles were treated with IFN-ɔ with and 

without  IL -6 for  7 days and flash frozen on day 14 post-dif ferentiation prior to  RNA 

isolation. N=3 RA donors, 3 control donors; n=4 myobundle RNA samples per donor, 

except n=3 for RAMC111 IFN-ɔ condition. The donors are the same as those listed in 

Figure 33. Myobundles were pooled together per condition per donor. 
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3.3.5.4.3 Venn Diagram and Volcano Plots 

A Venn diagram representing the gene expression results for treatment with IFN-ɔ 

with and without IL-6 in RA and control myobundles shows that gene expression was 

significantly affected in 709 genes for RA and 615 different genes for controls (Fig. 

36A). Gene expression was significantly affected in RA and controls for 493 of the same 

genes (Fig. 36A). Volcano plots displaying gene expression results for treatment with 

IFN-ɔ with and without IL-6 in RA and control myobundles are shown in Figure 36B-C. 



 

101 
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Figure 36: Venn diagram and volcano plots of gene expression of RA and control 

myobundles treated with IFN-ɔ with and without IL -6 for 7 days. RA and control 

myobundles were treated with IFN-ɔ with and without  IL -6 for  7 days from day 7 to day 14 

post-dif ferentiation. (A) Venn diagram comparing number of significant genes between 

treated RA myobundles and treated controls, (B) volcano plot showing up- and down-

regulated genes for treated controls, and (C) volcano plot showing up- and down-regulated 

genes for treated RA myobundles. N=3 RA donors, 3 control donors; n=4 myobundle RNA 

samples per donor, except n=3 for RAMC111 IFN-ɔ condition. The donors are the same as 

those listed in Figure 33. Myobundles were pooled together per condition per donor. 

|log2FC|Ó2, adjusted p-value<0.05. 

 

 Since treatment with IFN-ɔ alone induced the largest effect on gene expression for 

RA myobundles and controls, we decided to narrow our focus to that treatment group. 

The Venn diagram in Figure 37A compares gene expression results between IFN-ɔ-
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treated RA myobundles normalized to untreated RA myobundles and IFN-ɔ-treated 

control myobundles normalized to untreated controls. Gene expression was significantly 

affected in 573 genes for RA and 545 different genes for controls (Fig. 37A). Gene 

expression was significantly affected in RA and controls for 421 of the same genes (Fig. 

37A). Volcano plots displaying gene expression results for treatment with IFN-ɔ in RA 

and control myobundles are shown in Figure 37B-C. 10 upregulated genes of interest are 

labeled for both RA and controls. These genes are of interest because they are the top 10 

most significantly upregulated genes that also pertain to one or more gene sets that were 

enriched in RA and controls, respectively. Gene set enrichment results are presented in 

the following section. It should be noted that each of the genes indicated in Figure 37B-C 

were significantly upregulated in both RA and control myobundles. 

 Furthermore, because we found that IFN-ɔ treatment reduced MYH and MYL 

contractile protein levels in RA myobundles compared to controls, we suspected there 

may be a corresponding effect at the gene level. Excitingly, MYL5 was found to be 

significantly downregulated in IFN-ɔ-treated RA myobundles and unaffected in controls. 

MYL5 encodes one of the regulatory myosin light chains, a component of the motor 

protein myosin. MYL5 is indicated in Figure 37C. 



 

104 

 

 
Figure 37: Venn diagram and volcano plots of gene expression of RA and control 

myobundles treated with IFN-ɔ 7 days. RA and control myobundles were treated with IFN-

ɔ for 7 days from day 7 to day 14 post-dif ferentiation. (A) Venn diagram comparing 

number of significant genes between IFN-ɔ-treated RA myobundles and IFN-ɔ-treated 

controls, (B) volcano plot showing up- and down-regulated genes for IFN-ɔ-treated controls, 

and (C) volcano plot showing up- and down-regulated genes for IFN-ɔ-treated RA 

myobundles. Gene expression results for IFN-ɔ-treated RA and control myobundles were 

normalized to respective untreated controls. N=3 RA donors, 3 control donors; n=4 

myobundle RNA samples per donor, except n=3 for RAMC111 IFN-ɔ condition. The donors 

are the same as those listed in Figure 33. Myobundles were pooled together per condition 

per donor. |log2FC|Ó2, adjusted p-value<0.05. 
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3.3.5.4.4 Gene Set Enrichment Analy sis 

GSEA was performed using Hallmark gene set database to compare expression 

datasets between RA myobundles and controls with and without treatment. For 

simplicityðand given the minimal effect IL-6 has shown in the studies presented in 

section 3.3.5 and the PCA plot results discussed in section 3.3.5.4.1ðwe removed IL-6 

and IFN-ɔ + IL -6 treatment groups from the analysis and examined the results for IFN-ɔ 

treatment only. 

When running GSEA, the software first ranks the genes in the expression 

dataset124. GSEA determines the geneôs mean expression value for each phenotype: RA 

and control124. GSEA then uses the Signal2Noise metric, which uses the difference of 

means scaled by the standard deviation, to calculate the geneôs differential expression 

with respect to the two phenotypes124. The primary result of GSEA is the enrichment 

score (ES), which reflects the degree to which a gene set is overrepresented at the top or 

bottom of a ranked list of genes124. GSEA determines the ES by walking down the ranked 

list of genes in a gene set, increasing a running-sum statistic when a gene is in the gene 

set and decreasing it when it is not124. The ES is the maximum deviation from zero 

encountered in walking the list124. A positive ES indicates gene set enrichment at the top 

of the ranked list, whereas a negative ES indicates gene set enrichment at the bottom124. 

The normalized enrichment score (NES) is the main statistic for examining gene 

set enrichment results124. By normalizing the enrichment score, GSEA accounts for 

differences in gene set size and in correlations between gene sets and the expression 

dataset124. Thus, the NES can be used to compare analysis results across gene sets124. 
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Furthermore, the nominal p-value (abbreviated as NOM p-val in Tables 3 and 4) indicates 

that statistical significance of the enrichment score for a gene set124. The false discovery 

rate q-value (abbreviated as FDR q-val in Tables 3 and 4) is the estimated probability that 

the NES for that gene set represents a false finding124. The leading-edge subset is defined 

by statistics including tags and list124. Tags represent the percentage of gene hits before 

(for positive ES) or after the peak (for negative ES) in the running ES124. List indicates 

the percentage of genes in the ranked gene list before or after the peak in the running 

ES124. 

When comparing untreated RA myobundles with untreated control myobundles, 

enrichment results for RA showed that of the 13 out of 50 gene sets that were 

upregulated, 2 genes sets were significantly enriched with an FDR less than 0.05 and 

nominal p-value less than 0.05. Enrichment results for controls showed that of the 37 out 

of 50 gene sets that were upregulated, 12 gene sets were significantly enriched with an 

FDR less than 0.05 and nominal p-value less than 0.05. Less gene sets were significantly 

enriched in untreated RA myobundles compared to untreated controls. Gene sets 

significantly enriched in untreated RA myobundles were oxidative phosphorylation and 

MYC targets v1. Gene sets significantly enriched in untreated control myobundles 

included epithelial mesenchymal transition, coagulation, apoptosis, complement system, 

KRAS signaling, TNF-Ŭ signaling, genes up-regulated by STAT5 in response to IL-2, 

and genes up-regulated by IL-6 via STAT3. Gene sets enriched in RA myobundles 

treated with IFN-ɔ were then compared to control myobundles treated with IFN-ɔ. 

Compared to IFN-ɔ-treated controls, IFN-ɔ-treated RA myobundles showed no 
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significant results. IFN-ɔ-treated control myobundles showed 1 gene set that was 

significantly enriched: epithelial mesenchymal transition. 

Next, gene sets enriched in control myobundles treated with IFN-ɔ were 

compared to untreated control myobundles. Compared to untreated controls, IFN-ɔ-

treated controls presented 13 statistically significant gene sets including IFN-ɔ response, 

IFN-Ŭ response, inflammatory response, IL6-JAK/STAT3 signaling, TNF-Ŭ signaling, 

apoptosis, and IL2-JAK/STAT5 signaling (FDR<0.05, nominal p-value<0.05) (Table 3). 

Untreated controls showed 1 gene set that were significantly enriched: epithelial 

mesenchymal transition (FDR<0.05, nominal p-value<0.05) (Table 3). 



 

108 

Table 3: Gene sets enriched in 7-day IFN-ɔ-treated control myobundles compared to 

untreated control myobundles. Gene sets ordered by the normalized enrichment score; 

* indicates FDR<0.05, nominal p-value<0.05; ** indicates FDR<0.01, nominal p-value<0.01. 

 

When comparing IFN-ɔ-treated RA myobundles with untreated RA myobundles, 

enrichment results for the treated group showed 15 statistically significant gene sets 

including IFN-ɔ response, IFN-Ŭ response, IL6-JAK/STAT3 signaling, inflammatory 

response, TNF-Ŭ signaling, apoptosis, IL2-JAK/STAT5 signaling, hypoxia, and unfolded 

protein response (FDR<0.05, nominal p-value<0.05) (Table 4). Genes sets hypoxia and 

unfolded protein response were enriched in IFN-ɔ-treated RA myobundles, but not in 

IFN-ɔ-treated controls. Within the gene set involving genes upregulated in response to 


















































































