
Human Engineered Heart Tissues as an In Vitro Model of Duchenne Muscular 

Dystrophy 

 

Samantha Bremner 

 

A dissertation  

submitted in partial fulfillment of the  

requirements for the degree of 

 

Doctor of Philosophy 

 

University of Washington 

2022 

 

Reading Committee: 

Nathan J Sniadecki, Co-chair 

David L Mack, Co-chair 

Michael Regnier 

 

Program Authorized to Offer Degree: 

Bioengineering 



  

© Copyright 2022 

Samantha Bremner 

 

  



  

University of Washington 

 

Abstract 

 

Human Engineered Heart Tissues as an In Vitro Model of Duchenne Muscular Dystrophy 

 

Samantha Bremner 

 

Chairs of the supervisory committee: 

Nathan J Sniadecki 

Mechanical Engineering 

David L Mack 

Rehabilitation Medicine 

 

 Cardiomyopathy is the leading cause of death for patients with Duchenne muscular 

dystrophy (DMD), a severe, degenerative muscular disorder. This disease results from the lack 

of functional dystrophin, a protein that localizes to the plasma membrane of cardiomyocytes to 

form a mechanically strong link between the extracellular matrix and the intracellular cytoskeleton, 

and its absence has detrimental effects on contractile, calcium, and metabolic regulation. The 

development of novel treatments for DMD has been hampered by the shortcomings of commonly 

used animal models to replicate all aspects of the disease, prompting the need for human in vitro 

models of dystrophic cardiomyopathy for preclinical studies. To date, human induced pluripotent 



  

stem cell-derived cardiomyocytes (hiPSC-CMs) have been an invaluable source with which to 

study DMD, as they have been shown to replicate many relevant disease phenotypes. However, 

the utility of hiPSC-CMs is limited by their relative immaturity and the biological irrelevance of 

traditional two-dimensional cell culture. To address these shortcomings, we have developed 

engineered heart tissues (EHTs) from dystrophic hiPSC-CMs as an in vitro, preclinical model of 

DMD. This EHT model better mimics the native cardiac microenvironment, providing extracellular 

matrix cues of a relevant stiffness, cell-cell communication, and uniaxial force development 

promoting proper cellular alignment and hypertrophy. We have shown that dystrophic EHTs 

present relevant functional deficiencies, including decreased contractile performance and altered 

calcium transients. Additionally, we have demonstrated the ability of a miniaturized EHT platform 

to evaluate the efficiency and cardioprotective effect of novel microdystrophin gene therapies for 

DMD. Through the studies described herein, we have validated the promise of three-dimensional 

engineered cardiac tissues as a preclinical screening model of dystrophic cardiomyopathy. 
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Chapter 1. Introduction 

1.1 Cardiomyopathy in Duchenne Muscular Dystrophy 

Duchenne muscular dystrophy (DMD) is a severe, degenerative neuromuscular disorder 

affecting 1 in 3,500-5,000 males born in the United States resulting from a lack of functional 

dystrophin protein [1,2]. DMD patients experience progressive muscle weakness, atrophy, and 

fibrosis affecting the skeletal, respiratory, and cardiac muscle systems. With the advent of 

improved respiratory support, dilated cardiomyopathy and congestive heart failure have emerged 

as the leading cause of death for DMD patients [3]. Given the central role of dystrophin in 

stabilizing the sarcolemma of the myocyte, DMD causes myocyte fragility and contraction-induced 

cell damage, leading to cardiac degeneration and replacement with fibrotic tissue. At the cellular 

level, the lack of dystrophin has pleiotropic effects on calcium regulation [4, 5], nitric oxide 

regulation [6, 7], and mitochondrial function [8, 9], all of which contribute to the disease phenotype, 

although the mechanisms bridging the gap from cellular dysfunction to muscle wasting are not 

well understood.  

To date, there is no cure for DMD and current standard of care relies on pharmacological 

intervention to decrease cardiac load [10]. More recently, there have been great efforts toward 

developing novel therapies. These include drugs that target membrane fragility [11], oxidative 

damage [12, 13], calcium channels [14], and fibrosis [47,48]. In addition to these efforts, there is 

significant interest in rescuing dystrophin expression, either through read-through therapy [17], 

exon skipping [18], or exogenous gene replacement therapy [19]. Further clinical studies are 

needed to fully evaluate these promising emerging therapies. 

1.1.1 Duchenne muscular dystrophy 

 DMD is inherited as a recessive X-linked mutation in the dystrophin gene, a protein 

expressed in striated muscle cells Male children with DMD typically begin presenting symptoms 
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of muscle weakness at 3-5 years of age, eventually becoming nonambulatory around the age of 

12 years [20]. While skeletal muscle degeneration may be more evident, there is also severe 

cardiomyopathy associated with DMD as a result of progressive cardiac muscle degeneration and 

fibrosis. With the advent of improved medical treatment, life expectancy has improved, and males 

affected by DMD live on average into their mid to late twenties.  

The lack of dystrophin causes a loss of muscle cell membrane integrity, eventually 

resulting in cell death and gradual muscle weakening. There are a variety of disease-causing 

mutations that result in the lack of dystrophin or the expression of a truncated dystrophin. As such, 

there is significant variation in the severity and progression of the disease as a result of different 

mutations, ranging from less severe conditions known as Becker muscular dystrophy (BMD) to 

the most severe cases of DMD [21]. It is worth noting that different dystrophin mutations often 

yield different presentations of cardiomyopathy, and that there has been no correlation found 

between the severity and progression of skeletal myopathy and the degree and onset of 

cardiomyopathy in DMD patients [22]. 

Beyond skeletal muscle, the heart is also severely affected by the lack of functional 

dystrophin. Those affected with DMD typically exhibit an onset of cardiomyopathy at age 16-18 

[20]. The incidence of cardiomyopathy increases with age, and it has been predicted that 25% of 

males aged 6 years have some degree of cardiomyopathy, and this incidence increases to 90% 

by 18 years of age [23]. Historically, DMD began with the loss of ambulation and resulted in death 

early in the second decade of life, most often due to respiratory failure. However, with the 

improvement of ventilation therapies, spinal stabilization, and treatments for muscle weakness, 

the life expectancy of DMD has risen, and cardiomyopathy has emerged as the leading cause of 

death [6,7].  
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1.1.2 Clinical presentation of cardiomyopathy 

Symptoms of Duchenne muscular dystrophy first appear in early childhood, predominantly 

as progressive muscle weakness, eventually leading to muscle atrophy [2]. The increased amount 

of muscle damage occurring in DMD can be detected as exceedingly high levels of creatine kinase 

in the blood, an enzyme that is released upon the death of muscle cells [24]. A more definitive 

diagnosis requires either a muscle biopsy proving the lack of functional dystrophin or genetic 

testing to determine the specific mutation.  

 While skeletal muscle abnormalities are often the first visible symptom of DMD, cardiac 

disease becomes a prominent symptom for most DMD patients within their first decade of life. 

Broadly, the progression of DMD-cardiomyopathy first presents as diastolic dysfunction, fibrosis 

in the left ventricular wall, and ECG abnormalities. Gradually, as cardiac damage continues, the 

fibrosis accumulates, causing left ventricular systolic dysfunction and dilation [25]. This dilation 

continues until dilated cardiomyopathy and eventual end-stage heart failure occurs.  

Once a child is diagnosed, it is recommended that they receive cardiac screening at the 

time of diagnosis and from then on every two years until ten years of age, at which point yearly 

screening is recommended [10]. The most common techniques used to assess cardiac function 

in patients with DMD are electrocardiography (ECG) and echocardiography. However, it is worth 

noting that diagnosis cardiomyopathy is DMD patients can be challenging due to respiratory 

problems, scoliosis, lack of physical activity, and deformation of the chest wall that complicate 

these procedures [21]. These challenges may limit the diagnostic accuracy of these techniques. 

The left ventricular fibrosis associated with DMD impairs the electrical conductivity of the 

heart, and as a result, most patients with DMD present abnormal EGC tracings. Characteristic 

DMD-related EGC patterns include tall R waves and increased R/S amplitudes in lead VI, short 

PR interval, right axis deviation, and deep Q waves [26]. More broadly, DMD patients have higher 

heart rates than other types of muscular dystrophies [27]. ECG tracings also often yield evidence 
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of arrhythmia, a common event in patients with DMD due to the fibrotic myocardium. Specific 

forms of arrhythmia that are often seen are sinus tachycardia, atrial fibrillation, atrial flutter, and 

atrial and ventricular tachycardia [26]. As diffuse fibrosis is the first stage of DMD-cardiomyopathy, 

ECG abnormalities are often detectable before echocardiographic abnormalities.  

The standard imaging technique used in DMD patients is echocardiography, facilitating 

the assessment of heart dilation and systolic function. Most patients with DMD present with left 

ventricular dilation, wall movement abnormalities, and impaired systolic function, resulting in low 

ejection fraction values [25]. While echocardiography is often a relatively simple and low-cost 

cardiac imaging modality, it can be difficult to perform on DMD patients due to physical 

deficiencies, as previously discussed. To circumvent this issue and achieve more accurate 

results, some have turned to cardiac magnetic resonance [28]. Despite the increased accuracy in 

assessing ventricular size and function, cardiac magnetic resonance has some drawbacks, 

specifically that it is more expensive, less widely accessible, and young children often require 

sedation, making this imaging technique more applicable to older patients.  

1.1.3 The role of dystrophin and the dystroglycan complex 

The dystrophin gene (dmd) is the largest gene in the human genome, spanning 2.5 Mb on 

chromosome Xp21.1 [29]. The gene contains 79 exons, and the produced transcript reaches 14 

kb in length. The encoded protein is comparably large, weighing 427 kDa [30]. Dp427m is the full-

length isoform expressed in skeletal and cardiac muscle, while other isoforms are expressed in 

the brain and Purkinje cells [31]. Dystrophin is a long, rod-shaped protein containing spectrin 

repeats with interspaced hinge regions that localizes to the sarcolemma (Fig. 1.1) [32]. As part of 

the dystroglycan complex (DGC), dystrophin is tasked with connecting the sarcolemma to the 

cytoskeleton. This is accomplished through connections to sarcolemma-bound glycoproteins at 

the C-terminus of dystrophin and to actin fibers at the N-terminus [33].  
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 The DGC, also known as the dystrophin-associated protein complex, contains 

sarcoplasmic membrane proteins, as well as transmembrane and extracellular proteins in addition 

to dystrophin (Fig. 1.1). The DGC localizes to sarcomeric z-disks and adhesive costamere 

complexes in the myocyte. Most notably, the DGC provides a strong connection between the 

extracellular matrix and the intracellular cytoskeleton [34]. Through this connection, the DGC 

stabilizes the sarcolemma, allowing for the accumulation of ion gradients necessary for proper 

excitation-contraction coupling. The DGC also utilizes dystrophin as a shock absorber, protecting 

the sarcolemma from stress due to cell contraction. DGC dysfunction causes a loss of 

sarcolemmal integrity, making the muscle cell more susceptible to damage. Consequently, 

mutations in other components of the DGC can cause symptoms similar to DMD. Lastly, the DGC 

provides a critical hub for the recruitment of signaling proteins involved in mechanotransduction, 

namely nitric oxide synthase (nNOS), the importance of which will be discussed in later sections. 

 

Figure 1.1. Dystrophin and the dystroglycan complex (DGC) connect the cytoskeleton to the extracellular 

matrix. The DGC is found at the sarcolemma, localized to z-disks, and in addition to dystrophin, contains sarcoplasmic 

proteins (neuronal nitric oxide synthase (nNOS), the syntrophins, and α-dystrobrevin), transmembrane proteins 

(sarcospan, caveolin-3, the sarcoglycans, and β-dystroglycan), and extracellular proteins (α-dystroglycan and laminin). 

Made with Biorender.com. 
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1.1.4 Molecular mechanisms of dystrophic cardiomyopathy 

There is a vast complexity of molecular events that are disturbed by the lack of functional 

dystrophin that ultimately result in the observed cardiac pathology. At the core of this 

cardiomyopathy is an increase in intracellular calcium, resulting from strain-induced damage to 

the sarcolemma. This rise of cytosolic calcium has been shown to adversely affect a variety of 

downstream events, including expression and function of ion channels, membrane stability, 

calcium storage in the sarcoplasmic reticulum, mitochondrial function, and nitric oxide signaling 

(Fig. 1.2). 

 

Figure 1.2. Molecular mechanisms of dystrophic cardiomyopathy. In the absence of dystrophin, the DGC is unable 

to properly form at the sarcolemma, resulting in membrane fragility, nitric oxide signaling (nNOS-cGMP) dysfunction, 

and an increase in intracellular Ca2+. This is followed by mitochondrial and sarcoplasmic reticulum (SR) dysfunction, 

which eventually culminate in inflammation, protease-mediated degradation, and mitochondrial death pathway 

activation resulting in cell death and muscle wasting. Made with Biorender.com.  NCX: Na+-Ca2+ exchanger; VGCC: 

Voltage-gated Ca2+ channels; SAC: stretched-activated channel; nNOS: neuronal nitric oxide synthase; cGMP: cyclic 

guanosine monophosphate; SERCA: Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase; RyR: ryanodine receptor; 

CaMKII: calmodulin-kinase II; PKA: protein kinase A.  
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Increased cytosolic calcium 

 At the center of DMD-related cardiac pathology is an increase in intracellular calcium, the 

ion responsible for proper excitation-contraction coupling and various other signaling cascades in 

the myocyte. Despite the heart’s lower calcium influx compared to skeletal muscle, cardiac cells 

show a greater response to this influx, suggesting more sensitive calcium-induced calcium 

release from the sarcoplasmic reticulum [35]. Increased cytosolic calcium causes activation of 

protein kinase A (PKA), calcium/Calmodulin (CaM), and CaM kinase II (CaMKII), all of which 

hyper-phosphorylate calcium channels on the sarcoplasmic reticulum, causing further 

sensitization [36]. Additionally, mitochondrial function is impaired, leading to nuclear factor-κB 

(NF-κB) induced inflammation and subsequent necrosis [37].  

 While the consequences of increased cytosolic calcium may be clear, it is less evident 

how this elevation initially occurs. Many studies point to membrane tears and stretch-activated 

channels (SACs) as the principal sources of intracellular calcium increase. Other ion channels are 

thought to also have an effect, namely voltage-gated calcium channels (VGCCs). This initial rise 

in intracellular calcium activates channels on the sarcoplasmic reticulum, further exacerbating the 

elevated intracellular calcium levels.    

 Under healthy conditions, the sarcolemma is largely impermeable to ions and proteins. As 

previously discussed, a significant role of dystrophin is stabilizing the sarcolemma and acting as 

a shock absorber to protect it from damage during cellular contraction. In dystrophic 

cardiomyocytes, it has been predicted that the lack of dystrophin results in tears in the 

sarcolemma after repeated contractions, allowing for the unregulated entry of extracellular 

calcium [38]. To test this hypothesis, membrane sealant poloxamer 188, a polymer known to insert 

into lipid bilayers and repair membrane damage, was applied to isolated mdx mouse 

cardiomyocytes [39]. When mechanically stretched, dystrophic cells treated with poloxamer 188 

exhibited decreased intracellular calcium. However, there was still a relative increase in 
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intracellular calcium as compared to healthy cells, indicating that other mechanisms for calcium 

entry are likely involved as well.  

 Other identified points of entry for extracellular calcium have been stretch-activated 

channels (SACs) and voltage-gated calcium channels (VGCCs). SACs are non-specific, 

mechanosensitive channels found on the sarcolemma that open in response to contraction-

induced stress, allowing for the entry of cations into the cardiomyocyte [40]. Under healthy 

conditions, SACs allow for the modulation of cardiac electrophysiology in response to varying 

mechanical loads. SACs have been investigated as a potential source for the initial increase in 

intracellular calcium. When SACs were inhibited in isolated cardiomyocytes which were 

subsequently exposed to a mechanical load, the rise of intracellular calcium was decreased [41]. 

However, given the non-specific nature of the inhibitor used, it is possible that a variety of other 

ion channels were blocked.  

There are multiple mechanosensitive channels and subunits that make up SACs, a family 

of which are transient receptor potential cation (TRPC) channels. Specific TRPC channels have 

been investigated for their role in dystrophic cardiomyopathy, namely TRPV2, TRPC1, and 

TRPC6. TRPV2 is usually localized to intracellular membranes; however, when exposed to 

stimuli, such as insulin growth factor-1, TRPV2 will translocate to the sarcolemma. 

Cardiomyocytes from mdx mice have been shown to overexpress TRPV2, and the inhibition of 

these channels was shown to reduce the increase in intracellular calcium in response to osmotic 

stress [42]. Similarly, TRPC1 has also been found to be overexpressed in mdx mice [41]. TRPC1 

is activated by reactive oxygen species (ROSs), the level of which is increased in DMD cells. 

Thus, it has been hypothesized that the overabundance of both TRPC1 and reactive oxygen 

species could contribute to increased intracellular calcium when subjected to mechanical loads. 

Lastly, the inhibition of TRPC6 channels in mdx mouse hearts has been shown to normalize 
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contractions and decrease the incidence of arrhythmias [43]. Further work is needed to evaluate 

the efficacy of targeting TRPC channels as a potential therapy for DMD-cardiomyopathy.  

Voltage-gated calcium channels (VGCCs) have been suggested as another potential 

source for the initial rise in intracellular calcium. VGCCs open in response to the initial membrane 

depolarization during the cardiac action potential, providing the positive feedback necessary for 

excitation-contraction coupling [44]. L-type VGCCs have been investigated for their role in DMD-

cardiomyopathy. This specific VGCC is closely tied to dystrophin, as it is linked to the cytoskeleton 

through its involvement with dystrophin and α-actinin [45]. It was seen that in mdx mouse hearts, 

L-type VGCCs had a decreased inactivation rate which led to abnormal EGC tracings. It is thus 

predicted that this delayed inactivation contributes to the increased levels of intracellular calcium. 

A downstream effect of the increase in intracellular calcium is dysfunctional calcium 

release from the sarcoplasmic reticulum. The sarcoplasmic reticulum functions as storage for the 

majority of the calcium required for the activation of contractile machinery [46]. Chiefly responsible 

for calcium release from the sarcoplasmic reticulum is the ryanodine receptor (RyR). RyR is 

activated by calcium binding in the sarcoplasm, and in DMD, RyR becomes sensitive to the 

increased level of intracellular calcium, resulting in excessive calcium release from the 

sarcoplasmic reticulum [47]. Additionally, RyR can be phosphorylated by protein kinase A (PKA) 

or calcium/Calmodulin kinase II (CaMKII) and hyper-phosphorylation of RyR makes it more 

sensitive to calcium activation and causes dissociation of stabilizing protein calstabin 2 [36]. 

These changes drastically impede proper RyR function, resulting in a leaky sarcoplasmic 

reticulum, further exacerbating the abnormally high level of intracellular calcium [48]. RyR 

involvement in mdx mouse cardiomyopathy was indirectly assessed through the measurement of 

sarcoplasmic reticulum leak, which was seen to increase with age in mdx mice [49].  

Also responsible for regulation of calcium storage in the sarcoplasmic reticulum is the 

sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA). After cellular contraction, 
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SERCA actively pumps calcium from the sarcoplasm back into the sarcoplasmic reticulum to 

prepare the cardiomyocyte for the next contraction [50]. It is not clear whether SERCA plays a 

significant role in dystrophic cardiomyopathy, as one report found down-regulation of SERCA in 

mdx mice [5], whereas another more recent study found no significant difference in expression 

level and believe that any observed decrease may be merely due to aging as opposed to DMD-

related cardiac pathology [51].  

It is evident that calcium signaling plays a significant role in cardiac function in relation to 

DMD-related cardiomyopathy. The role of several different regulators of calcium levels have been 

investigated, indicating that a variety of mechanisms are likely involved. 

Nitric oxide signaling 

 Nitric oxide (NO) is signaling molecule important for cell physiology that is dysregulated in 

dystrophic cardiomyopathy. The production of NO is controlled by nitric oxide synthase (NOS), 

which has three isoforms, neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS 

(iNOS). Cardiac cells constitutively express both nNOS and eNOS, and their localization is 

paramount to their proper function, as NO has a short life span and thus needs to be produced in 

close proximity to its target [52]. nNOS localizes to the dystroglycan complex (DGC) via 

syntrophins in close proximity to calcium channels on the sarcoplasmic reticulum, SERCA and 

RyR. Similarly, eNOS also localizes to the DGC and associates with calveolin-3. The remaining 

isotope, iNOS, is only expressed in cardiac tissue during inflammation. 

 In the absence of dystrophin, the DGC does properly organize or localize to the 

sarcolemma, inhibiting the proper localization of NOS. The role of nNOS in the heart has not yet 

been completely elucidated; however, several have characterized the effect of its removal and its 

expression in mdx mice. Removal of nNOS has been shown to affect downstream pathways of 

mitochondrial function also affected in DMD, including RyR regulation, ROS control, and the 

mitochondrial respiratory chain [53]. In the mdx mouse, transgenic nNOS overexpression has 
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been shown to partially rescue cardiac phenotypes, with a decrease in inflammatory markers and 

fibrosis [54]. Significant work remains in order to elucidate the role of NO signaling in dystrophic 

cardiomyopathy. 

Mitochondrial dysfunction 

 Muscle cells, both skeletal and cardiac, require vast amounts of energy to support proper 

contraction. In these cells, the bulk of energy production and metabolic regulation occurs in the 

mitochondria. Beyond the production of energy, mitochondria play a role in the regulation of the 

intracellular balance of calcium and reactive oxygen species (ROS) and in the more general 

regulation of metabolic function. It has been shown that mdx mice hearts have abnormal 

mitochondrial function, indicating the existence of a role for this organelle in DMD-

cardiomyopathy. 

 Mitochondria participate in the removal of calcium from the sarcoplasm through the 

mitochondrial calcium uniporter [46]. This removal accounts for only 1% of intracellular calcium 

and is thus inconsequential for sarcomere relaxation; however, rising amounts of intra-

mitochondrial calcium can cause an increase in the rate of energy production in order to meet the 

perceived increasing energy demands of the cell. With a calcium-triggered increase in energy 

production comes increased generation of ROS, a by-product of aerobic metabolism. While ROS 

are involved in a variety of signaling pathways in healthy cells, their accumulation can be cytotoxic 

[55]. In anticipation of increased intra-mitochondrial ROS, an increase of calcium stimulates the 

opening of the voltage-sensitive mitochondrial permeability transition pore (mPTP). Ordinarily, the 

opening of mPTP allows for the release of ROS from the mitochondria and causes mitochondrial 

swelling [56]. However, long-term opening of mPTP is damaging, eventually resulting in 

mitochondrial necrosis, which contributes to cardiomyocyte apoptosis. Increased duration of 

mPTP opening has been observed in both murine mdx isolated cardiomyocytes [49] as well as in 

induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) obtained from human DMD 
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patients [57], indicating that this process may play a role in DMD-associated cardiomyocyte 

degeneration.  

A broad metabolic shift is seen in mdx mice. Healthy cardiac muscle uses mostly fatty 

acids for energy consumption; however, pre-cardiomyopathic mdx mice exhibited a shift toward 

metabolic consumption of carbohydrates [8]. The oxidative stress associated with DMD-

cardiomyopathy has also been shown to reduce the oxidative capacity of the mitochondria in the 

mdx mouse [9]. Oxidative stress was shown to reduce the rate of oxidative phosphorylation, 

resulting in an overall decrease in energy production. This conflict of the increasing need for 

energy in the weakened cardiomyocyte with the inability of the mitochondria to fulfill this energy 

demand contributes to further cellular damage. It remains unclear whether the metabolic changes 

discussed occur as a compensatory mechanism or whether they are a direct, detrimental result 

of the dystrophin mutation.             

1.1.5 Standard of care 

There is currently no cure for DMD. Current approaches focus on slowing the progression 

of the disease and alleviating symptoms. Accordingly, currently treatments fail to target any DMD-

specific mechanisms of disease.   

Non-cardiac treatment 

 Beyond cardiomyopathy, DMD patients suffer from progressive skeletal muscle 

deterioration. Non-cardiac treatments for DMD focus on improving muscle strength and function 

as well as treating associated pulmonary and spinal deficiencies. Steroids have been used 

extensively to treat DMD-related muscle weakness. Specifically, corticosteroids have been shown 

to improve not only skeletal muscle strength and function as related to mobility, but also as related 

to pulmonary function [58]. 
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Respiratory difficulties continue to amount in patients with DMD due to the loss of 

diaphragm and other respiratory muscle strength. Historically, respiratory failure was most often 

the cause of death of DMD patients; however, the implementation of noninvasive nocturnal 

ventilation has greatly improved the efficacy of hypoventilation treatment and the average life 

span of those affected by DMD [3]. Scoliosis and kyphosis are other common symptoms 

developed in DMD patients. Spinal stabilization surgery is often recommended to alleviate 

discomfort and difficulty breathing [59]. In addition to these treatments, significant effort is put into 

rehabilitation through diet, exercise, and counseling.   

Cardiac treatment  

To a large extent, the treatment of DMD-cardiomyopathy relies on long-standing 

pharmaceuticals and surgical interventions to improve cardiac systolic function and heart rate 

regulation used in other forms of dilated cardiomyopathy. Frequently used pharmaceuticals 

include corticosteroids, angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor 

blockers (ARBs), beta-adrenergic receptor blockers (beta-blockers), and aldosterone antagonists. 

As previously described, the use of corticosteroids, such as prednisone and deflazacort, is 

almost ubiquitous in the treatment of DMD patients. These steroid molecules are known to delay 

the rate of muscle degeneration, and they are believed to act by reducing the inflammatory 

response in muscle cells that is often responsible for myocyte necrosis [58]. In addition to treating 

skeletal muscle and pulmonary deficiencies, corticosteroid treatment has been shown to also 

improve cardiac function in DMD patients [60]. A variety of retrospective studies examining the 

efficacy of corticosteroid treatment in DMD have seen an increase in the age at onset of 

cardiomyopathy, an increase in fractional shortening, a decrease in cardiac dilation and systolic 

dysfunction, and an overall decrease in the incidence of cardiomyopathic mortality when patients 

are treated with deflazacort or prednisone.  

Another pharmaceutical approach to treating DMD-cardiomyopathy is the use of ACE 
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inhibitors and ARBs, long-standing neurohormonal cardiac treatments. ACE inhibitors and ARBs 

are similar in their effects, they both inhibit sympathetic adrenergic stimulation and cause 

vasodilation. These vasodilators are widely used in the treatment of heart failure for their ability 

to decrease blood pressure and protect the damaged heart by decreasing the pressure loading 

on the heart. In patients with DMD, treatment with ACE inhibitors and ARBs have been shown to 

be equally efficacious in long-term preservation of left ventricular function [61]. Following these 

promising results, it has been suggested that DMD patients begin ACE inhibitor or ARB treatment 

before the onset of left ventricular dysfunction [20].  

Current guidelines recommend that DMD patients with left ventricular dysfunction also be 

treated with beta-blockers [62]. However, there are conflicting results as to whether there is any 

improvement in cardiac function when beta-blockers are used in combination with ACE inhibitors 

as compared to the use of ACE inhibitors alone. Similarly to ACE inhibitors, beta-blockers inhibit 

sympathetic adrenergic stimulation in the heart. By blocking the binding of epinephrine to beta 

adrenergic receptors, beta-blockers decrease the heart rate, thereby decreasing cardiac work 

and blood pressure. A variety of other beneficial effects contributing to the treatment of heart 

failure have been described, including the reduction of arrhythmic events and improvement of 

diastolic function [63]. Given the increased occurrence of elevated heart rates and arrhythmic 

events in patients with DMD, it is a reasonable hypothesis that treatment with beta-blockers would 

yield beneficial preservation of cardiac function. A commonly used beta-blocker studied in DMD 

patients is carvedilol, which has additional vasodilating and antioxidant effects [63]. While it has 

been long established to treat cases of heart failure with a combination of ACE inhibitors and 

beta-blockers, it has yet to be definitively proven whether the addition of a beta-blocker regimen 

improves cardiac function in patients with DMD.  

Lastly, aldosterone antagonists have been used to treat cardiomyopathy in DMD patients, 

as they are another standard treatment for heart failure when decreased left ventricular ejection 
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fraction is presented. Aldosterone inhibitors like eplerenone act as weak diuretics, resulting in 

decreased blood pressure. A double-blinded clinical trial was conducted to assess the effect of 

eplerenone treatment for DMD when administered in conjunction with ACE inhibitors or ARBs 

[64]. The endpoint measured in this study was left ventricular circumferential strain, an indicator 

of ventricular contractility. It was observed that the patients treated with eplerenone for 12 months 

showed a lower decrease in ventricular contractility as compared to placebo groups, although no 

significant differences in overall left ventricular function were observed.  

The pharmacological treatment of DMD-cardiomyopathy has largely relied on existing 

treatments for general heart failure. While there has been significant success in this field regarding 

the preservation of cardiac function, further studies remain to assess the efficacy of these drugs 

and to determine the most efficient pharmacological regimen. It is worth mentioning that given the 

variation of presentations of DMD-cardiomyopathy as determined by the specific dmd mutation, 

it is likely that one drug regimen will not work for all patients, and that a case-by-case evaluation 

will be necessary.   

 Beyond pharmacological treatment, a variety of surgical techniques have been evaluated 

for their efficacy in treating DMD-cardiomyopathy, including orthotopic cardiac transplantation [65] 

and implantation of left ventricular assist devices [66] and implantable cardioverter-defibrillators 

[62]. While these procedures have often been implemented in patients with heart failure, their use 

in DMD patients is not widespread and further evaluation of their efficacy is needed. As compared 

to pharmaceutical treatment, surgical intervention may be less accessible in the treatment of 

DMD-cardiomyopathy due to the overall poor health of the patient. However, it may be worth 

evaluating the potential of such approaches on a case-to-case basis. 

1.1.6 Emerging therapies 

To date, there is no cure for DMD or its associated cardiomyopathy, and treatment is 

limited to palliative pharmacological treatment. Current treatment plans have three aims, namely, 
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corticosteroid treatment of skeletal muscle weakness, ventilatory support, and cardiac screening 

and treatment. As heart function deteriorates, DMD patients are put on regimens including 

combinations of angiotensin-converting enzyme (ACE) inhibitors, beta-blockers, and diuretics 

[67]. These are standard treatments for heart failure that reduce the pre-load on the heart, thus 

protecting it from further damage.  

 These standard-of-care cardiac treatments certainly promote cardiac protection and 

prolong the lives of DMD patients; however, there is nothing about these cardiac regimens that is 

specific to the molecular pathology of DMD. Thus, there is a need for the development of novel 

treatments for DMD-cardiomyopathy. Subsequent sections describe current efforts underway to 

identify novel pharmaceuticals that may be beneficial as well as the development of more modern 

treatment platforms including gene and cell therapies.  

Novel pharmacological treatments 

 There are a variety of commercially available drugs that have been investigated for their 

potentially beneficial effects in treating DMD-cardiomyopathy. Poloxamer 188 is a synthetic 

polymer known to seal membrane tears and thus stabilize the sarcolemma [39]. When 

administered to mdx mice, poloxamer 188 was shown to improve cardiac function and protect 

dystrophic hearts from isoproterenol-induced damage [11]. However, when cultured with isolated 

mdx cardiomyocytes, poloxamer 188 was not able to fully reverse the increase in cytoplasmic 

calcium levels, indicating the complexity of the dystrophic molecular pathology. This treatment 

has not yet been translated to other animal models or human clinical trials. 

 Another target of pharmaceutical innovation has been in modulation of nitric oxide (NO)-

cyclic GMP (cGMP) signaling, a pathway crucial for many cellular activities, including 

mitochondrial function and reactive oxygen species (ROS) balance. NO-cGMP signaling is 

decreased in mdx mice. Sildenafil, a phosphodiesterase 5 (PDE5) inhibitor, acts as a NO donor, 

stimulating NO-cGMP signaling. When used to treat mdx mice, sildenafil was seen to improve 
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cardiac systolic function and metabolism [68]. It was also shown to improve diaphragm strength 

and respiratory function [69]. However, no improvement in cardiac function was observed upon 

translation to human clinical trials [12]. Alternate efforts have proposed nicorandil as a pleiotropic, 

cardio-protective drug for DMD-cardiomyopathy. Nicorandil acts similarly to sildenafil in that it is 

an NO donor; however, it has additional effects as a potassium channel opener and an 

antioxidant. When used to treat mdx mouse hearts prior to ischemic stress, nicorandil promoted 

an increased recovery of left ventricular developed pressure (LVDP) [13]. Additional studies were 

conducted with dystrophic human hiPSC-derived cardiomyocytes, where pretreatment with 

nicorandil was shown to prevent cardiac injury, ROS generation, and cellular apoptosis upon 

induction of oxidative stress. Investigators hypothesize that nicorandil will translate to human 

subjects better than sildenafil due to its pleiotropic effects.  

 Voltage-gated L-type calcium channels have been hypothesized to contribute to 

dystrophic cardiomyopathy, as they are linked to the cytoskeleton in part by dystrophin and α-

actinin [70]. Accordingly, increased L-type calcium channel currents and slowed channel 

inactivation has been observed in mdx mice [71]. More recently, a preliminary drug screening 

experiment using DMD human stem cell-derived cardiomyocytes identified 39 compounds out of 

a panel of 2,000 that had a cardioprotective effect against hypotonic stress, of which 9 were 

classified as calcium channel blockers [72]. These results give further credence to the possible 

utility of calcium channel blockers in the treatment of dystrophic cardiomyopathy, although further 

clinical studies are needed.  

Given the severe cardiac fibrosis characteristic of DMD-cardiomyopathy, losartan and 

pirfenidone, TGF-β inhibitors, have been evaluated as potential treatments [47,48]. Both drugs 

were seen to reduce fibrosis and improve cardiac function in mdx mice. Further studies in human 

patients remain to be seen.  
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 It is evident that a variety of commercially available drugs may be beneficial in treating 

specific mechanisms involved in the cardiomyopathy of DMD patients, either alone or in 

combination with current treatments. Further studies will need to be conducted before these 

treatments can be evaluated in human clinical trials. 

Gene repair therapy  

 The majority of DMD mutations occur as either a large exon deletion or point mutation 

resulting in a frameshift or premature stop codon. In the majority of patients, some form of 

dystrophin expression could be reintroduced if the reading frame could be restored at the level of 

DNA or RNA. Current technologies have the potential to achieve this, including read-through 

therapy and exon skipping.  

 Roughly 10-15% of DMD patients have a nonsense mutation, resulting in a premature 

stop codon [73]. To reverse this, several compounds have been assessed for their ability to read 

through premature stop codons [17]. Gentamycin [74] and PTC124 [75–77] have been tested in 

mdx mice and DMD patients, however clinical trials were inconclusive with very low treatment 

efficacy shown. RTC13 has shown promising results in studies in mdx mice, yet further studies 

will be required to evaluate the applicability of this promising therapeutic to human patients [78]. 

 A larger proportion of DMD patients, roughly 80%, have a frameshift mutation due to a 

larger deletion or duplication that results in a null phenotype. Exon skipping is being developed 

as a strategy to treat this category of patients. Exon skipping employs antisense oligonucleotides 

(AONs), which are short, single-stranded DNA sequences that are targeted to the splice site of 

the damaged exon [79]. Upon binding, the AON prevents proper splicing, resulting in the damaged 

exon being spliced out of the mRNA transcript, and restoring the proper reading frame. Upon the 

translation of the newly spliced mRNA, a slightly shorter, but hopefully functional, dystrophin is 

expressed. Theoretically, a library of AONs could be generated to facilitate exon skipping in a 

wide array of DMD mutations. Exon skipping, thus far, has been shown to be very effective in 
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restoring dystrophin expression and improving skeletal muscle function in both mdx mice and 

CXMD dogs [80]. Eteplirsen is the first exon skipping drug approved by the FDA, despite only 

being shown to restore ~1% of normal dystrophin expression after a year of systemic dosing [81, 

82]. However, these initial studies have been done using AONs based on 2′-O-methylated 

phosphorothioate (2OMe-PS) or phosphorodiamidate morpholino oligomers (PMOs), which are 

unable to reach the heart. To overcome this, a variety of modified PMOs have been developed 

that are linked to proteins facilitating cell-penetration [83]. These novel modified AONs have been 

shown to restore dystrophin expression and cardiac function in the mdx mouse.   

Gene editing 

 Recent advances in CRIPR-Cas9 gene editing are being explored as potential treatments 

for DMD. By generating guide RNAs that target the sites of dmd mutations, a patient’s DNA can 

be cleaved and repaired in such a way that the proper reading frame is restored [84]. This 

technique is applicable for DMD due to the modular structure of dystrophin, which can retain near-

normal function when truncated internally, and the existence of only one allele on the X 

chromosome of affected males. Many studies have shown the success of this strategy in restoring 

dystrophin expression in mdx mice [85–90], a canine model of DMD [91], and hiPSC-CMs [86, 

92–96]. Further studies are needed to show that this restoration of dystrophin expression is 

sufficient to correct skeletal and cardiac muscle phenotypes. A limitation of this technique is the 

large variety of DMD mutations, many of which would require specific gene editing designs, and 

the existence of mutations which are not amenable to gene editing. Challenges remaining include 

the efficiency of CRISPR-Cas9 delivery and gene editing, concerns of possible off-target effects, 

and general popular concern regarding the safety and ethics of gene editing.  

Gene replacement therapy 

 Another promising approach to treating DMD and its associated cardiomyopathy is to 
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deliver a viral vector with exogenous DNA to expressing dystrophin. Delivery of full-length 

dystrophin can be problematic because the dystrophin gene is extremely large, containing 79 

exons in a 14-kb cDNA transcript [30]. This is too large to be contained within most viral delivery 

vectors. Other methods are to engineer synthetic, truncated dystrophin constructs that maintain 

full functionality of endogenous dystrophin. 

 Delivery of full-length dystrophin transcripts has been attempted using non-viral delivery 

methods. Direct plasmid injection in mdx mice was first evaluated in 1991, where only 1% of 

myofibers were observed to express dystrophin [97]. Following these studies, direct plasmid 

injection has been evaluated in GRMD dogs and in Phase 1 clinical trials [98]. Other attempts 

have used non-viral DNA delivery methods, including electroporation, microspheres, and 

liposomes. Overall, these efforts have yielded low delivery and expression efficiencies, which has 

limited the further development of plasmid-based therapies.  

 The most effective systemic muscle gene-delivery method to date is using an adeno-

associated virus (AAV). AAVs, to date, are the most desirable viral delivery method for skeletal 

and cardiac muscle, as they are able to transfect post mitotic cells, do not integrate into the host 

genome, and illicit minimal immune response compared to other viral methods. However, AAVs 

have a packaging limit of 5-kb, severely limiting the size of transgenes that can be delivered. 

Inspired by the smaller dystrophin isoforms expressed endogenously and in less severe cases of 

Becker muscular dystrophy, groups have worked on evaluating the crucial parts of dystrophin 

needed for proper function. It has been shown that while the N-terminus domain and the R16/17 

region of the rod domain (necessary for NO synthase localization) are necessary for proper 

function, the rest of the rod domain and most of the C-terminus domain may not be required for 

proper function [99]. With this in mind, a variety of micro-dystrophins compatible with AAV delivery 

have been engineered (Figure 3) [100–105]. When delivered via a serotype-9 AAV, these micro-

dystrophins have enabled whole body gene transfer in mdx mice with high delivery and 
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expression efficiency [106, 107]. These constructs have also been shown to induce whole body 

gene transfer in neonatal dogs [108, 109]. Three clinical trials are currently underway to evaluate 

the efficacy of micro-dystrophin treatment. These micro-dystrophin constructs are currently at the 

cutting edge of DMD gene therapy due to their high delivery and expression efficiencies; however, 

their therapeutic benefit in humans remains to be fully demonstrated.  

Other groups have tried to circumvent the low packing limit of AAVs through engineered 

tri-AAV vector systems [110, 111]. In these systems, the 14-kb dystrophin transcript is split into 

three pieces, each piece containing either an overlapping region or a splicing signal. Each piece 

is packed into an individual AAV, and the expression of all three components results in transcript 

reconstitution and full-length dystrophin expression. This approach has been tested in mdx mice, 

but low transfection efficiencies and subsequently low dystrophin expression has hindered a full 

analysis of the therapeutic benefits of this system. 

Despite the promising developments in DMD gene therapy, significant challenges 

currently prevent this technology from being used to treat human patients. The first challenge is 

to ensure proper levels of dystrophin expression, as low expression may not be beneficial, and 

over expression may be toxic. In mdx mice, it has been seen that expressing dystrophin at a 20% 

level was sufficient to mitigate skeletal muscle symptoms [112], and that even 5% expression 

could delay the progression of muscle degeneration and prolong the lifespan of affected mice 

[113]. Currently, it does not seem like overexpression will be a concern, as 50-fold overexpression 

in mdx mice was not seen to be toxic in skeletal muscle [114]. However, these dosages have yet 

to be evaluated in cardiac muscle or in large animal or human models. Another concern is the 

applicability of using dystrophin gene therapy to treat DMD-cardiomyopathy, as initial studies have 

largely focused on the transduction of skeletal muscle. Beyond the high incidence of 

cardiomyopathy in DMD patients as motivation, there is evidence that treating skeletal muscle 

while ignoring the heart actually accelerates the development of cardiomyopathy [115]. While 
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these findings have been contested, gene therapy should treat both skeletal and cardiac muscle. 

Lastly, new challenges have emerged upon translation to large animal cDMD models. Whereas 

initial gene therapy studies were largely conducted on immune-deficient mdx mice, it was soon 

realized that intramuscular AAV injection elicits a strong immune response in dogs [116]. If this is 

the case in humans, long-term immune suppression could be required to ensure transgene 

expression.  

Cell therapy 

 The aim of cell therapies for DMD is to supplement dystrophic muscle with healthy, 

dystrophin-expressing cells. More promising approaches use cells taken from the patient that 

have been subsequently genetically altered in vitro and differentiated into muscle precursor cells. 

Initial studies used isolated adult stem cells, such as bone-marrow stem cells or CD133+ cells 

[117, 118]. More recent studies have shifted toward the use of hiPSCs, thus increasing the 

availability of donor cells. Efforts to this end have taken human embryonic stem cells (hECSs) 

and human hiPSCs, differentiated them into muscle precursor cells, and injected them into the 

tibialis anterior muscle of immune-deficient mdx mice [119]. These cells were seen to fuse with 

existing muscle cells, restoring dystrophin expression. Similar studies have employed similar 

methods and observed an increase in skeletal muscle force generation [120].  

 The development of modern gene editing techniques has facilitated the development of 

therapies where cells would be taken from a DMD patient, reprogrammed into hiPSCs, genetically 

modified to correct the dystrophin mutation, differentiated into muscle precursor cells, and 

reintroduced into the patient’s muscle. This approach is advantageous in that there is a much 

lower risk of immune response and rejection. TALENs and CRISPR-Cas9 have been successfully 

used to correct dystrophic hiPSCs by knock-in with the correct exon [94]. When differentiated 

toward skeletal muscle, expression of full-length dystrophin was observed. These cells hold great 

promise for treating DMD patients using autologous cell therapy.  
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 There remain several limitations with cell-based therapies. Producing sufficient numbers 

of cells remains a challenge, especially considering the large scale-up required when moving from 

animal models to human patients. Currently, cell therapy for DMD has been shown to be most 

effective when cells are injected intramuscularly, which would require that every muscle be 

injected individually [121]. Currently, this type of treatment has not been evaluated for diaphragm 

or cardiac muscle, which limits its utility in treating the entire dystrophic phenotype.   

1.2 Disease Models for Studying DMD: Advantages and Limitations 

1.2.1 Animal models of DMD 

Animal models of DMD have been an invaluable resource, granting insight into the 

mechanisms of the pathology as well as providing a platform for preclinical trials. However, no 

one animal is capable of perfectly emulating the human progression of DMD, warranting a 

discussion of the advantages and limitations of different models. In evaluating the usefulness, 

one should consider the similarity of the animal model to human DMD patients regarding 

progression and severity of skeletal muscle degeneration and cardiomyopathy.  

Mouse models 

 The mdx mouse is the most commonly used animal model for DMD [122]. This colony of 

C57BL/10ScSn mice, first described in 1984, harbors a nonsense point mutation in exon 23 that 

prevents the expression of dystrophin. Despite their lack of dystrophin, mdx mice present minimal 

symptoms of DMD. Severe symptoms are not observed until 15 months of age, at which point 

mdx mice present with severe muscle degeneration, scoliosis, and heart failure [123]. The life 

span of mdx mice is only reduced by 25%, whereas the life span of human DMD patients is 

reduced by 75% [124]. Despite the advantages of mice models with respect to size, cost, and 

turnover rate, there are clearly significant shortcomings of the mdx mouse as related to clinical 

relevance. 
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 A possible reason for the minimal disease phenotype seen in mdx mouse strains is the 

upregulation of compensatory mechanisms. Specifically, utrophin and α7β1-integrin function 

similarly to dystrophin, strengthening the sarcolemma through interactions with the cytoskeleton 

and the extracellular matrix, and these two proteins are known to be upregulated in mdx mice 

[80]. It was hypothesized that the creation of a double-knockout (dko) mouse, either 

utrophin/dystrophin or α7β1/dystrophin dko, would worsen the presented phenotype [18,19]. 

These dko models are smaller than their wildtype counterparts and do present with more severe 

muscle degeneration at levels comparable or perhaps exceeding that presented by humans; 

however, they are increasingly difficult to maintain, and their lifespan is diminished more 

significantly than that of human patients. More recent studies have presented an mdx strain with 

a heterozygous utrophin knockout as a potential intermediate between dko mice and mdx mice 

[127]. 

 Another reason for the relatively mild DMD phenotype presented by mdx mice is robust 

muscle regeneration, a trait not observed in human DMD patients. Double-mutant mice targeting 

myogenic regulators have been bred to address this. Mdx mice harboring MyoD/dystrophin 

double-knockouts showed increased myopathy, premature death, and importantly, dilated 

cardiomyopathy, despite the fact that MyoD is only expressed in skeletal muscle [128]. Another 

approach targeted telomere length, as it was hypothesized that the long telomere length found in 

mouse myogenic stem cells is responsible for their increased regenerative capacity. Telomerase 

RNA (mTR) is required for telomere maintenance, and when it was removed from mdx mice, the 

resultant strain demonstrated marked skeletal wasting and cardiomyopathy [129]. A variety of 

other mechanisms have been targeted in double-knock out mice lines to produce a severe 

dystrophic phenotype, including cytoskeleton-extracellular matrix interactions (desmin and 

laminin), the DGC (dystrobrevin and sarcoglycan), muscle repair, and inflammation and fibrosis 

[80]. 
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Thus, it can be seen that while advantageous with regard to ease of maintenance and 

cost, the mdx mouse model alone is insufficient to fully emulate the severity of the human DMD 

phenotype, particularly with regard to dystrophic cardiomyopathy. However, it has been shown 

that the addition of other mutations can worsen the disease phenotype, perhaps improving the 

relevancy of disease phenotypes. This improvement comes with additional limitations, as these 

double-knockout lines harbor mutations not found in human DMD patients which may contribute 

irrelevant, off-target effects.  

Canine models 

 While mouse models may be sufficient for initial studies and preclinical trials, their differing 

physiology and presentation of only mild symptoms presents the need for a larger, more relevant 

animal model. Naturally occurring X-linked muscular dystrophy in canines has long been reported, 

and dystrophin deficiency has since been confirmed in roughly 20 different breeds [130]. The 

disease associated with this collection of mutations has come to be known as canine Duchenne 

muscular dystrophy (cDMD). The clinical presentations of cDMD are more severe than the 

presentations of mdx mice, and thus, they are considered a more relevant model of human DMD.  

 cDMD dogs present clinical symptoms and histology very similar to that of human DMD 

patients at analogous time points [80]. Both present with early signs of muscle weakness and 

exercise intolerance, followed by continued muscle wasting, joint contracture and abnormal gait, 

difficulty swallowing, and early signs of cardiomyopathy. The average lifespan of cDMD dogs is 

roughly 3 years, which corresponds to the 75% reduction in life expectancy seen in human DMD 

patients. Histologically, cDMD dogs exhibit marked fibrosis in limb muscles, a trait also seen in 

humans but not in mdx mice. Whereas high levels of muscle regeneration is seen in mdx mice, 

as evidenced by centrally nucleated myofibers, this is seen in neither cDMD dogs nor humans.   

However, the pathology of cDMD is not identical to that of human DMD. Notably, 20-30% 

of cDMD puppies die shortly after birth due to diaphragm failure, whereas this incidence of 
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neonatal death is not observed in humans [131]. Additionally, shortcomings in growth and body 

weight are increasingly pronounced in cDMD dogs, and these dogs rarely experience the 

complete loss of ambulatory function seen in humans [132]. 

 Ultimately, cDMD dogs share many similarities with human DMD patients, making them 

better models for preclinical studies. While many varieties of cDMD have been identified, few 

have been sufficiently characterized and only a few breeds have been established as 

experimental colonies. However, the mdx mouse remains the most widely used model of DMD 

due to its advantages of low cost and high accessibility.  

Rat models 

 More recently, a rat model for DMD has emerged, promising more relevant phenotypes, 

while maintaining the ease of use and low cost associated with murine models [133]. This rat line, 

referred to as Dmdmdx, was created using a pair of TALENs targeting exon 23 to generate 

mutations similar to that seen in the mdx mouse. The Dmdmdx rat has an 11-bp deletion in exon 

23, resulting in a frameshift mutation, premature stop codon, and ultimately a dystrophin-null 

phenotype. Only male Dmdmdx rats are affected while female littermates show no symptoms, 

indicating the X-linked recessive nature of this mutation. 

 As compared to the mdx mouse, Dmdmdx rats display a disease phenotype and 

progression similar to that of human DMD patients. As early as 3 months after birth, Dmdmdx rats 

display severe degeneration of skeletal and diaphragm muscles. By 7 months of age, these 

muscles also display severe fibrosis and even adipose tissue deposition, a DMD trait not observed 

in the mdx or cDMD models. The Dmdmdx rat also presents gradual development of dilated 

cardiomyopathy, as evidenced by histological analysis and echocardiography revealing cardiac 

remodeling and decreased systolic function. The severity of cardiomyopathy seen in the Dmdmdx 

rat is more severe than other DMD animal models.  
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 There are additional benefits that the Dmdmdx model presents as a small animal model due 

to inherent differences between mice and rats. Rats are roughly ten times larger than mice, 

making them easier to handle and characterize while being sufficiently small to facilitate studies 

with high sample sizes. With this increase in size comes an increase in behavioral displays. Rats 

have finer and more controlled motor skills than mice, facilitating the development of gait analysis, 

a measure crucial to understanding DMD development previously inaccessible in mice. The 

Dmdmdx rat has yet to be used in gene therapy studies. However, given the marked improvements 

over the mdx mouse model, the Dmdmdx rat is a promising new small animal model of DMD.               

1.2.2 Use of human induced pluripotent stem cells for modeling DMD 

Despite any level of phenotypic representation seen in DMD animal models, there will 

always be inherent species differences that will affect the molecular pathology and progression 

of disease. This could be at fault for the low efficiency in the translation of experimental treatments 

to human patients. As such, it is necessary to develop representative human in vitro disease 

models for preliminary studies using human cells.  

The isolation and in vitro culture of primary human cardiac cells is often infeasible. Thus, 

the advent of induced pluripotent stem cell (iPSC) technologies has revolutionized the field of in 

vitro disease modeling [134]. Since then, robust differentiation protocols have been developed 

that utilize small molecules to drive differentiation of stem cells toward cardiac progenitors and 

cardiomyocytes [135]. Thus, it is now possible to isolate somatic cells from DMD patients, 

reprogram them into hiPSCs, which serve as a renewable source to differentiate into 

cardiomyocytes or theoretically any cell type [136]. Additionally, with the advent of CRISPR-Cas9 

gene editing, it has become increasingly common to generate DMD mutations in healthy control 

lines or correct DMD mutations such that isogenic-matched cell lines can be used. 

There has been increasing interest in using hiPSCs to model and study DMD in vitro, to 

which end several hiPSC lines with different dystrophin exon deletions and point mutations have 
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been developed [137]. These studies have produced known dystrophic phenotypes in vitro as 

well as elucidated novel consequences downstream of absent dystrophin. As hypothesized, many 

groups have found that dystrophic hiPSC-CMs exhibit increased membrane fragility and 

susceptibility to stretch-induced damage [138–140]. With regard to electrophysiology and calcium 

handling, many have shown DMD hiPSC-CMs to display increased L-type calcium channel 

currents [141] and spontaneous electrical activity or arrhythmic events [95, 138, 140, 142], slower 

calcium transients [95, 143], and increased resting intracellular calcium [138, 139]. With regard to 

mitochondrial function, it has been shown that DMD hiPSC-CMs display increased mitochondrial 

damage and ROS production [139, 144, 145]. Initial studies have used hiPSC-CMs to evaluate 

novel therapeutic approaches for their ability to restore dystrophin expression and reverse 

observed phenotypes, including CRISPR-Cas9 correction [86, 92, 93, 95] and exon skipping [140, 

146]. Of note, micro-dystrophin gene therapy has not yet been tested in hiPSC-CMs.  

Our group has previously developed novel hiPSC lines isolated from urine samples of a 

DMD patient with an exon 50 deletion and a healthy control [57]. This method promises to 

increase the ease of obtaining patient samples, due to the non-invasive nature of sample 

collection, as compared to other methods requiring skin biopsy or blood samples. These urine-

derived hiPSCs were differentiated into cardiomyocytes, which maintain the dystrophin mutation 

present in the donor. These dystrophic hiPSC-derived cardiomyocytes display a disease 

phenotype in vitro, as the dystrophic cells were seen to have impaired calcium handling, altered 

mitochondrial function and oxygen consumption, and increased expression of cardiac injury 

markers upon hypotonic stress, as compared to the healthy control [57].  

More recently, we have made use of CRISPR-Cas9 gene editing to generate a dystrophin-

mutant hiPSC line from an isogenic healthy control [14, 72, 147]. In this line, a single base pair 

deletion (263delG) was made in the first exon of dystrophin, which resulted in the truncation of 

exons 1-6 in the actin-binding domain [147]. When cultured on anisotropic nanotopographic 
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substrates, it was shown that DMD hiPSC-CMs exhibited a diminished response to the 

topographic cues, in part due to slower actin cytoskeleton turnover [72]. In a follow up study, it 

was shown that providing DMD hiPSC-CMs with a combination of maturational cues revealed 

further dystrophic phenotypes, including increased resting cytosolic calcium content and 

increased propensity for arrhythmia [14]. This cell line was also shown to display disease 

phenotypes at the myofibril level, as it was demonstrated that isolated myofibrils from DMD 

hiPSC-CMs produced lower contractile force, slower kinetics of relaxation, altered expression of 

sarcomere proteins, and increased calcium sensitivity [147]. What has become apparent from 

these studies is that advanced maturation techniques are likely required to expose dystrophic 

phenotypes in DMD hiPSC-CMs, as these studies only observed differences after culture on 

anisotropic nanotopography [72], a combination of nanotopographic substrates, thyroid hormone, 

and miRNA overexpression cues [14], or long-term culture (80-100 days) [147]. 

1.2.3 Addressing limitations of hiPSC-CMs 

Challenges remain in the development of relevant in vitro models of DMD-

cardiomyopathy. Notably, the relative immaturity of hiPSC-derived cardiomyocytes remains a 

hurdle in recapitulating the pathology experienced by teenagers and young adults. In early stages 

after differentiation with no intervention, hiPSC-CMs display only fetal transcriptomes [148], ion 

channel expression [149], metabolic function [150], and contractility [151]. This is a struggle 

encountered by the entire field surrounding stem cell-derived cardiomyocytes, and significant 

efforts have been devoted to identify cues and develop protocols to promote the maturation of 

these cells [152–154]. These include providing topographical cues in the form of relevant 

substrate stiffness [155–157] and patterned substrates [72, 158–160] encouraging proper uniaxial 

cellular and sarcomeric alignment. Other studies have identified benefits in maturation after 

supplementing cells with thyroid hormone [161] or fatty acid energy sources [162–164]. Further 

studies have shown increased maturation when hiPSC-CMs are cultured with other cell types, 
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including endothelial cells [165, 166] and mesenchymal stem cells [167]. Equally important, 

biophysical cues in the form of electrical and mechanical stimulation have been shown to drive 

hiPSC-CM maturity [168, 169]. Lastly, as will be further discussed in the following section, many 

are looking to three-dimensional culture as a method to better emulate the native myocardium. 

This is by no means an exhaustive review of hiPSC-CM maturation methods, but what is evident 

is that a multifaceted approach is necessary to push hiPSC-CM maturation to its fullest extent. 

An additional challenge is that current in vitro models are unable to represent an entire 

patient, which is limiting in terms of evaluating delivery efficiency as well as host response and 

systemic toxicity of treatments. Thus, while human stem cell-derived dystrophic cardiomyocytes 

promise a useful intermediate in the study of DMD, animal models will remain the gold standard 

for evaluation of novel treatments until suitable in vitro replacements are developed. 

1.3 Human Engineered Heart Tissues 

In an effort to advance in vitro cardiac disease modeling and drug testing, many have 

turned to three-dimensional tissue culture platforms to provide biophysical cues that are difficult 

to emulate in traditional two-dimensional culture, as described in Chapter 2 [170]. The various 

methods described yield cardiac tissues that generate synchronous, measurable contractions, 

facilitating the measurement of force production, a valuable metric for assessing cardiac function. 

1.3.1 Platforms for 3D cardiac tissue engineering 

These engineered heart tissue (EHT) platforms consist of cardiac and other cell types 

embedded in a scaffold matrix, most often a hydrogel consisting of fibrin, collagen, decellularized 

primary extracellular matrix, and/or Matrigel. Initial EHT platforms used primary neonatal rodent 

cardiomyocytes [171], but more recently, groups have turned to using hiPSC-CMs for fully human 

in vitro models. Most often, another cell type is added to support tissue compaction and cohesion, 

often these are fibroblasts, HS27a bone marrow stromal cells, or the non-myocyte population 
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derived from cardiac directed differentiation. There is great variety in EHT platform shape and 

size, ranging from smaller spheroids [172, 173] and micro tissues [174, 175] to larger cardiac 

strips [176], rings [177],  biowires [178, 179], and cardiac sheets and patches cast on PDMS 

frames [180–182]. These platforms can be used to measure contractile force, either directly via 

force transducer or indirectly by the measured deflection of cantilever posts, and calcium 

transients using calcium dyes or genetically encoded calcium sensors.   

We have previously utilized this technology to develop an EHT platform that consists of 

hiPSC-CMs and stromal cells embedded in a fibrin matrix suspended between two 

polydimethylsiloxane (PDMS) posts, one flexible and one rigid [183–185] (Fig. 1.3). These EHTs 

generate synchronous contractions, the force of which can be measured via optical tracking of 

the flexible post, or by magnetic tracking of a small magnet embedded in the tip of the flexible 

post [184]. In previous studies, we have demonstrated that EHTs exhibit relevant responses to 

isoproterenol and verapamil [184], and we have used this platform widely to investigate the effect 

of afterload on hiPSC-CM maturation [183], the function of full-length and Cronos titin [186], the 

effect of lamin A/C haploinsufficiency [187], and the development of electroconductive EHTs 

[188]. Here, we describe a novel application of this EHT platform in generating a disease model 

to study dystrophic cardiomyopathy.  
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Figure 1.3. Engineered heart tissue platform. (A) Array of six pairs of PDMS posts that fit a standard 24-well cell 

culture dish. (B) Representative image of an EHT suspended between the rigid post (left) and flexible post (right). Scale 

bar is equal to 1 mm. (C) Schematic of an EHT in culture, where force of contraction is calculated using the stiffness of 

the flexible post (Kpost) and its measured deflection (Δpost).  

 

1.3.2 Advantages of 3D in vitro cardiac models 

Compared to two-dimensional culture platforms, EHTs are advantageous in that they 

better replicate the native cardiac microenvironment. As such, they have been shown to promote 

advanced hiPSC-CM maturation [189–193]. As a multicellular tissue with ample scaffolding 

proteins, EHTs provide cell-cell and cell-matrix interactions. With the use of hydrogels, material 

stiffnesses are achieved that are much closer to the mechanical moduli of native cardiac tissue 

as compared to rigid tissue culture plastic. This is especially important when attempting to 

recapitulate membrane protein complexes such as the DGC, as myocytes grown on rigid surfaces 

form focal adhesions rather than the physiologically relevant costameres found in vivo. Native 

cardiomyocytes exhibit anisotropic cellular and sarcomeric alignment, something that is not 

recapitulated in standard 2D culture. Thus, topographical cues are required to promote alignment 
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of 2D hiPSC-CMs, which requires methods such as micro-contact printing [194] or nano-

topographical surfaces [72]. In EHTs, the applied anisotropic force gradient produces uniaxially-

aligned cells without the need for intervention. Force production is a critical measure of cardiac 

function, yet measuring contractile function of 2D hiPSC-CMs requires methodologically and 

computationally intensive techniques such as atomic force microscopy or traction force 

microscopy. Comparatively, force production in EHTs can easily be measured, as they can be 

embedded on elastomeric posts and their larger size allows for them to be mounted to standard 

force transducers. Advanced engineering approaches have been employed to further increase 

the maturity achieved in EHTs. There approaches include electrical stimulation [195], increasing 

afterload [183], and the addition of preload or passive stretch [196, 197]. Given these advantages, 

EHTs have been enthusiastically received by cardiac researchers, and have begun to be widely 

used for drug testing and disease modeling [176, 198–201]. 

1.3.3 Dystrophic engineered heart tissues  

To date, little work has been done to model human DMD in three-dimensional culture. As 

of this writing, dystrophic EHTs have only been reported in one publication, where it was briefly 

shown that DMD EHTs produced less contractile force, and this phenotype was partially rescued 

with three CRISPR-Cas9 gene editing approaches [95]. Of note, this study performed the gene 

editing on undifferentiated hiPSCs, before differentiating to cardiomyocytes. To our knowledge, 

the work described herein is the first to thoroughly characterize a dystrophic phenotype in a three-

dimensional EHT in vitro model. Additionally, the future work presented in Aim 2 will be the first 

to evaluate the efficacy of novel micro-dystrophin gene therapies in dystrophic hiPSC-CMs and 

EHTs.  
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1.4 Unmet needs 

As has been discussed, there currently is no cure for DMD or dystrophic cardiomyopathy. 

While disease progression in the DMD patient is well described, we ultimately lack a thorough 

understanding of the importance of dystrophin during cardiac development, and how pleiotropic 

cellular defects downstream of dystrophin deficiency culminate in organ-level dysfunction and 

disease. The relative importance of the various roles of dystrophin, i.e., membrane stabilization, 

calcium regulation, regulation of reactive oxygen species, and mitochondrial regulation, as they 

relate to disease progression is not well understood. Thus, targets for potential novel therapies 

are widespread, and progress toward clinical use has been slow.  

This progress has been hampered by the shortcomings of common DMD disease models. 

The mdx mouse presents only mild disease phenotypes and little to no signs of cardiomyopathy 

until much later in their lifespan. Canine models present a more severe disease phenotype, but 

this phenotype is often extremely variable, and experiments and colony maintenance require 

considerable financial and temporal resources. The newer Dmdmdx rat model appears to offer the 

disease severity required while still remaining a relatively small animal model; however, 

experiments still require timepoints of up to twelve months to fully capture disease progression 

and ultimately, no animal model is able to fully capture human physiology. What’s needed is a 

fully human, preclinical model capable of providing relevant readouts of cardiac function with a 

fast turnaround time. We propose to address this gap by developing an engineered cardiac model 

of DMD from human stem cell-derived cardiomyocytes.   

In the field of emerging therapies for DMD, AAV-microdystrophin gene replacement 

therapy is quickly progressing through multiple clinical trials. However, despite the significant 

contribution of cardiomyopathy to disease morbidity and mortality, comparatively little has been 

done to assess the effect of these therapies on cardiac function. The lack of this information is in 

no small part due to shortcomings of commonly used animal models, which require significant 
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time commitment to expose even a minor cardiac phenotype. Additionally, the seemingly endless 

microdystrophin designs make it difficult to develop the optimal gene therapy vector. Thus, the 

development of more suitable in vitro models of dystrophic cardiomyopathy will enable rapid 

screening and functional evaluation of various microdystrophins as they affect cardiac function.  

1.5 Dissertation Specific Aims 

Aim 1: To establish a three-dimensional model of Duchenne muscular dystrophy 

with a robust, multifaceted disease phenotype 

 Given the lack of cardiac treatments specific to DMD and the shortcomings of animal 

models commonly used, there is a need to develop human in vitro models of dystrophic 

cardiomyopathy. Human stem cell-derived models have been shown to replicate a variety of 

known DMD phenotypes in vitro, but traditional two-dimensional cell culture platforms are limited 

by cellular immaturity and physiologically irrelevant culture environments and lack relevant 

functional readouts. More recently, cardiac tissue engineering has produced three-dimensional 

engineered heart tissue (EHT) models that more accurately recapitulate the native cardiac 

microenvironment and promote cellular maturation. We hypothesized that hiPSC-CMs generated 

with a truncating dystrophin mutation cultured as EHTs would promote a robust dystrophic 

phenotype in vitro. And indeed, we validated that dystrophic EHTs presented many relevant 

functional deficits, including decreased contractile performance, impaired sarcomere structure, 

altered calcium transients, and increased beat rate irregularity, as described in Chapter 3. The 

findings of this study were recently published in a first-author manuscript [202]. 

Aim 2: To determine the therapeutic effect of microdystrophin gene therapies for 

Duchenne muscular dystrophy in an in vitro engineered heart tissue model 

 There have been significant efforts to identify novel, specific therapies to treat DMD. There 

is great excitement surrounding the development of microdystrophin (μDys) gene therapies; 
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however, it is not as well understood how these novel proteins will affect cardiac function. 

Additionally, the need for improved preclinical models has become evident following serious 

adverse effects reported in multiple clinical trials. Our novel DMD EHTs provide the ideal platform 

by which to assess the effects of these novel treatments. The development of a miniaturized EHT 

(mEHT) platform that conforms to a 96-well plate further promises to increase the throughput of 

the platform. Described in Chapter 4, We have demonstrated that mEHTs are a suitable platform 

for testing adeno-associated virus (AAV) gene delivery and future studies will assess the effect of 

AAV-μDys therapies varying in capsid and vector design on dystrophin-null mEHT function.   
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Chapter 2. Human Engineered Heart Tissues as a Platform for Drug 

Screening  

The contents of this chapter were published as the following first-author review paper:  

S.B. Bremner, K.S. Gaffney, N.J. Sniadecki, D.L. Mack. A change of heart: human cardiac tissue 

engineering as a platform for drug development. Current Cardiology Reports. 2022:1. DOI: 

10.1007/s11886-022-01668-7. 

2.1 Abstract 

Human cardiac tissue engineering holds great promise for early detection of drug-related 

cardiac toxicity and arrhythmogenicity during drug discovery and development. We describe 

shortcomings of the current drug development pathway, recent advances in the development of 

cardiac tissue constructs as drug testing platforms, and the challenges remaining in their 

widespread adoption. Human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) have 

been used to develop a variety of constructs including cardiac spheroids, microtissues, strips, 

rings, and chambers. Several ambitious studies have used these constructs to test a significant 

number of drugs, and while most have shown proper negative inotropic and arrhythmogenic 

responses, few have been able to demonstrate positive inotropy, indicative of relative hPSC-CM 

immaturity. Several engineered human cardiac tissue platforms have demonstrated native 

cardiac physiology and proper drug responses. Future studies addressing hPSC-CM immaturity 

and inclusion of patient-specific cell lines will further advance the utility of such models for in vitro 

drug development.  

2.2 Introduction 

The current drug development pathway is exorbitantly expensive and time-consuming. It 

is estimated that between 2009 and 2018, the median cost to bring a new drug to market was 
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$985.3 million, including capitalized research and development investment costs [1]. This figure 

includes the cost of failed trials, as it has been reported that the approval rate for drugs entering 

phase 1 trials is only 13.8% [2]. Even having reached later phases of clinical trials, it is 

unfortunately common for drugs to fail due to lack of efficacy or unanticipated adverse effects, 

regardless of the promise shown in preclinical studies [3]. In a large part, this is due to limitations 

of animal models and in vitro preclinical models that limit our ability to accurately predict drug 

performance in human patients [4,5]. Additionally, many pharmaceutical companies opt to 

embrace a fail early, fail fast strategy where the vast majority of drug candidates are eliminated 

early in the process to avoid costly late-stage failures, thus possibly missing potentially life-saving 

drugs [6]. In light of this, it is necessary that we re-evaluate the preclinical drug discovery and 

testing paradigm to make drug development more efficient and cost effective.  

The shortcomings of the canonical drug development process are perhaps most evident 

when considering cardiac effects, as side effects such as cardiac toxicity and arrhythmogenicity 

are the most common reasons for late-stage drug failure or drug withdrawal [7,8]. To address this, 

regulatory agencies require specific cardiotoxicity screening; however, the methods employed 

lack the relevance to the human cardiovascular system needed to accurately predict cardiac 

effects. The more simple in vitro models rely on non-cardiac cell lines that express a recombinant 

human ether-á-go-go related gene (hERG) potassium channel, as this channel plays a major role 

in cardiac repolarization and hERG-blocking compounds frequently cause ventricular arrhythmias 

[9,10]. While useful in some cases, these simple, in vitro models are unable to model the 

interactions of multiple ion channels and the compensatory mechanisms present in the native 

myocardium. Increasing in complexity, rodent models are frequently used due to their relative low 

costs and short experimental timelines. However, these models often produce irrelevant results 

due to distinct physiological differences between human and rodent cardiovascular biology [5,11]. 

While larger animal models can yield more relevant results, the costs and resources required for 
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colony maintenance and ethical concerns are often prohibitive [12]. Thus, there exists a need to 

develop improved human in vitro cardiac models for drug screening and development.  

The human heart is the ideal platform for drug testing; however, the limited availability and 

inadequate ex vivo viability of primary samples prevents their widespread use. Consequently, the 

development of human pluripotent stem cells (hPSCs, either embryonic stem cells, hESCs, or 

induced pluripotent stem cells, hiPSCs) and hPSC-derived cardiomyocytes (hPSC-CMs) holds 

great promise for advancing drug development platforms [13–16]. To date, hPSC-CMs have been 

shown to express key cardiomyocyte structural and signaling elements and faithfully recapitulate 

human cardiac biology, leading to their widespread use in studies demonstrating typical 

responses to drug compounds. However, hPSC-CMs are limited in their relative immaturity as 

compared to adult cardiomyocytes, as hPSC-CMs have been shown to more closely resemble 

fetal cardiomyocytes with regard to transcriptional activity, ultrastructure, and function, limiting 

their utility as a preclinical drug screening model [17–19]. Thus, several approaches have been 

employed to improve hPSC-CM maturity, including increased time in culture, topographical cues, 

biochemical stimuli, and the development of three-dimensional engineered models [20]. 

Human engineered cardiac tissues can be broadly defined as multicellular aggregates 

made from hPSC-CMs, often accompanied by other cell types, with or without the presence of 

extracellular matrix protein scaffolds. Such engineered constructs more closely mimic the native 

myocardium by recapitulating key cell-cell and cell-matrix biology that has been shown to further 

advance hPSC-CM maturation and facilitate key measures of cardiac function such as force 

production and voltage propagation [21–25]. These tissue constructs come in many shapes and 

sizes ranging from scaffold-free spheroids amenable to high throughput screening to larger 

engineered chambers capable of generating pressure-volume loops. In recognition of the promise 

of these cardiac constructs to improve our ability to model cardiomyopathy and drug responses 

in vitro, research groups have developed various platforms, and many have moved toward 



 65 

commercialization. This review describes the newest advances made in the development of 

engineered cardiac constructs as valid platforms for preclinical drug screening and the remaining 

challenges preventing widespread adoption of these platforms. 

2.3 Engineered cardiac platforms for drug screening 

As a category, engineered cardiac tissues have come to include any cell culture platform 

facilitating multicellular, three-dimensional culture of synchronously contracting hPSC-CMs. As 

such, these platforms take many forms that vary widely in geometry and scale, the inclusion of 

non-myocytes, and the presence of scaffold proteins. Broadly, those on the smaller scale such 

as spheroids and microtissues more easily facilitate high-throughput cardiotoxicity screening 

while retaining some aspects of cardiac function, whereas larger platforms including cardiac 

sheets, strips, rings, and chambers are more suited to lower-throughput assessment of drug effect 

on cardiac function, as they more closely resemble native cardiac tissue and enable measurement 

of voltage propagation and force generation (Fig 2.1). In the following sections, we have 

categorized these platforms broadly by geometry as a means to discuss their advantages and 

limitations as platforms for drug testing and progress made toward drug screening applications. 

Details describing the various platforms and findings from recent drug screening studies are 

summarized in Table 2.1.  
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Figure 2.1. Different engineered cardiac tissue platforms organized by relative throughput and biological relevance 

with a description of their advantages and limitations. 
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Table 2.1. Summary of drug screening studies in human engineered cardiac tissues. 
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2.3.1 Spheroids 

At the smallest end of the scale are cardiac spheroids, also often referred to as cardiac 

organoids. Cardiac spheroids are small hPSC-CM aggregates that are formed by hanging-drop 

[26] or self-assembly on low-attachment substrates [27]. These platforms are generally scaffold-

free, which allows for a dense network of cell-cell connections and removes any concern of drug 

absorption by scaffolding hydrogels or silicone support structures often used for larger platforms 

[28]. Spheroid systems often include non-myocyte cell types such as endothelial, fibroblast, and 

mesenchymal cells, which has repeatedly been shown to enhance spheroid function [29–31]. 

Perhaps most attractively, the small scale of cardiac spheroids requires significantly lower 

resources in terms of cell number and culture space and are most easily amenable to automated 

generation and high-throughput analysis.  

Cardiac spheroids have been used extensively to develop drug testing platforms. In an 

earlier study, it was shown that cardiac spheroids generated from hiPSC-CMs were similarly able 

to model doxorubicin-mediated cardiotoxicity as compared to spheroids made from primary 

human cardiomyocytes [32]. Demonstrating their high-throughput capabilities, a study used 

cardiac spheroids to screen a panel of 29 compounds approved by regulatory agencies with or 

without known structural cardiotoxicity [33•]. It was demonstrated that this platform was able to 

detect changes in cellular viability, endoplasmic reticulum integrity, and mitochondrial membrane 

potential. Beyond structural effects, cardiac spheroids have been used to stratify pro-arrhythmic 

toxicity of hERG channel blockers and environmental toxins [34].  

Using cardiac spheroids, it is also possible to model disease states. To model cardiac 

fibrosis, spheroids generated from hESC-CMs and hESC-derived mesenchymal stem cells were 

treated with transforming growth factor beta (TGF-β) [31]. It was shown that TGF-β triggered 

fibrotic features in the cardiac spheroids and that this response was worsened with the 

administration of known cardiotoxins. In a separate study, cardiac spheroids were used to model 
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myocardial infarction by culturing in hypoxic conditions and treating with noradrenaline [35]. It was 

shown that hypoxic conditions worsened doxorubicin-mediated cardiotoxicity, while an antifibrotic 

compound could reduce ischemic spheroid stiffness and asynchronicity.  

While the use of cardiac spheroids for drug screening is advantageous given their relative 

accessibility and high-throughput nature, these culture systems do not promote uniaxially-aligned 

contractile machinery and functional outputs are often limited to cell viability with some insight into 

contractility and arrhythmogenicity by measurement of spheroid deflection. However, it is possible 

for spheroids to serve as building blocks for higher order tissues, as was demonstrated with 

bioprinting of spheroids into larger cardiac rings [36]. Ultimately, higher-throughput spheroid 

systems may be best suited for earlier stages of drug compound testing.  

2.3.2 Microtissues  

To increase functional readout capacity while retaining the high-throughput benefits of 

spheroid culture systems, many have developed what we here call microtissues, where a similarly 

small number of cells, sometimes in a hydrogel scaffold, are self-assembled onto manufactured 

posts, such that they form geometries similar to the cardiac strips and rings presented in the 

following sections [37–41]. It was demonstrated that microtissues outperform age-matched two-

dimensional hiPSC-CMs in terms of predictive accuracy in drug response [38]. Building on the 

high-throughput advantages of spheroid culture systems, these microtissue platforms provide 

uniaxial mechanical cues, generating improved cellular alignment and facilitate more rigorous 

measurement of contractile function by tracking the deflection of cantilever posts.  

Possibly the most useful application of microtissues or other smaller cardiac platforms is 

as an intermediate screen between high-throughput two-dimensional in vitro experiments and 

animal studies. This paradigm was demonstrated in a study screening for pro-proliferative 

compounds using 96-well microtissues, where an initial pool of approximately 5,000 compounds 

were screened in two-dimensional hiPSC-CMs for their ability to induce cellular proliferation [42]. 
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Of this initial pool, 105 compounds were identified and screened further for pro-proliferative effects 

using microtissues, which also allowed for the elimination of compounds causing negative 

functional effects. A smaller pool of the leading compounds were then further evaluated in 

microtissues that were further matured with fatty acid supplementation [40,42].  This study 

uniquely demonstrates a pathway by which to pursue drug development with varying hierarchies 

of in vitro hPSC-CM models.  

2.3.3 Sheets 

Cardiac sheets consist of one or multiple layers of hPSC-CMs and are particularly useful 

for detecting arrhythmogenicity. Using fluorescent voltage or calcium-sensitive dyes or genetically 

encoded sensors, it is possible to model arrhythmic risk of drug compounds by visualizing 

conduction speeds and re-entry waves as was done in two-dimensional cell sheets [43]. This 

platform has the additional benefit of microgrooves providing anisotropic cell patterning that more 

closely represents native myocardium. Other groups have developed methods of coating hPSC-

CMs and other cell types with ECM and seeding them into cell sheets that are multiple layers thick 

[44,45]. Using motion tracking, it was possible to measure the effects of several drug compounds 

on magnitude of contraction, contraction kinetics and abnormal beat intervals [44]. However, 

shortcomings of cardiac sheets include the difficulty in obtaining direct measurement of force 

output and the need for additional interventions to facilitate sheet patterning and cellular 

alignment. 

2.3.4 Tissue strips  

Cardiac strips are perhaps the most commonly thought of hEHT platform along with 

spheroids, and are made from hPSC-CMs embedded in a hydrogel that is cast into a mold where 

it solidifies and subsequently compacts and begins beating spontaneously [46]. Cardiac strips are 

cast uniaxially between two elastomeric posts [47] or wires (Biowire) [48,49]. This platform 
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enables higher-throughput measurement of contractile forces via tracking the deflection of 

elastomeric supports. As such, these models are particularly suited to drug screening, where 

easily-measured force production and kinetics can provide insights into the inotropic and 

arrhythmogenic effects of test compounds.  

To date, cardiac strips have been used to test a wide panel of compounds with and without 

known cardiac effects. A panel of eleven compounds was tested on cardiac strips, demonstrating 

that these tissues were able to faithfully reproduce positive and negative inotropic effects when 

compared to human atrial trabeculae, but the relative immaturity of the hiPSC-CMs was evident 

due to limited observed beta-adrenergic effects [50]. The benefits of three-dimensional culture 

were further demonstrated in another study where an impressive panel of 28 drugs was tested on 

cardiac strips as well as 2D hiPSC-CM monolayers, where it was demonstrated that the tissues 

yielded more accurate drug responses in terms of contractility and calcium transient response 

(85% accuracy for hiPSC-CM monolayers vs. 93% accuracy for tissue strips) [51]. Additionally, 

both of these studies demonstrate the potential for increased throughput with tissue strip platforms 

despite their larger size, as not only were multiple drugs tested, but at multiple doses, enabling 

the derivation of EC50 values.  

Chronic electrical stimulation of cardiac strips has been demonstrated to improve tissue 

maturity and promote positive force-frequency relationships, thus improving the accuracy of drug 

responses and the ability to model positive inotropy [52]. Similar stimulation protocols have been 

used on the Biowire II platform, which was used to derive EC50 values and demonstrate canonical 

responses for several drug compounds [49]. This platform and others have been further 

developed to model specific atrial and ventricular responses to drugs in chamber-specific tissues 

[53,54] and to explore anti-fibrotic drugs in angiotensin II-mediated non-genetic cardiomyopathy 

[55]. Despite their increased size and required resources as compared to spheroids or 

microtissues, strip hEHTs have been used to generate impressive datasets demonstrating 
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relevant responses to many compounds at various doses in a single study. Paired with efforts to 

improve hEHT maturity, efforts to increase analysis throughput through optical [56,57] or magnetic 

detection of post movement [58], will only further increase the utility of cardiac strip platforms. 

2.3.5 Tissue rings 

Cardiac rings are similar to cardiac strips save for their shape, where cardiac rings are 

cast in circular molds before being transferred to isometric or elastomeric supports [59]. Given 

their larger surface area, cardiac rings are particularly suited to modeling voltage propagation as 

an indicator of arrhythmogenicity. Using genetically-encoded voltage and calcium sensors, tissue 

rings have been shown to properly model drug-induced changes in contraction rate and 

conduction properties [60]. Additionally, by using patient-derived hiPSCs, authors were able to 

reproduce long QT syndrome and demonstrate drug-induced reentrant arrhythmias. This platform 

was further developed to model chamber-specific responses to a panel of drugs by using atrial or 

ventricular hiPSC-CMs [61]. While tissue ring platforms are useful for modeling drug-induced 

changes in conduction properties and arrhythmogenicity, it would appear that they may be less 

popular than other platforms of similar size. This may be due to the requirement for more individual 

tissue handling, as measurement of contractile forces often requires the use of a force transducer, 

which hampers throughput.  

2.3.6 Chambers  

At the opposite end of the spectrum from cardiac spheroids are cardiac chambers, which 

resemble a miniaturized ventricle [62,63]. The geometry of this platform most closely resembles 

a native ventricle, and engineered cardiac chambers are the only platform capable of generating 

pressure, enabling measurement of clinically relevant outputs including ejection fraction, cardiac 

output, and pressure-volume loops. Cardiac chambers have been shown to surpass lower-order 

2D and 3D hPSC-CM culture systems in transcriptional maturity [63]. Given their advanced 
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maturation and attainable performance metrics, chamber constructs are an appealing platform for 

drug screening and characterization. 

One such platform (human ventricle-like cardiac organoid chamber, hvCOC) is generated 

by casting hESC-CMs in a hydrogel around a balloon catheter, which is removed after tissue 

compaction [63]. This initial study demonstrated altered pressure-volume loops and 

electrophysiological performance after treatment with six compounds. In a follow up study, 

hvCOCs and human ventricular-like cardiac tissue strips (hvCTS) were treated with a panel of 25 

cardioactive compounds, where it was demonstrated that hvCOCs displayed enhanced positive 

inotropy as compared to hvCTSs [64•]. A similar platform has been developed using pull-spun 

nanofibers that recapitulates the concentric, anisotropic orientation of native myocardium [62]. 

While it was possible to measure pressure-volume loops, this model failed to replicate a positive 

inotropic response with isoproterenol treatment, indicating relative immaturity.  

Compared to other cardiac tissue platforms, cardiac chambers are limited in terms of the 

increased resources and technical expertise required, ultimately resulting in a lower-throughput 

platform. However, with the addition of additional maturation techniques such as electrical 

stimulation and anisotropic cell sheet patterning [65], such models could effectively serve as in 

vitro replacements for Langendorff whole-heart preparations.  

2.4 Challenges remaining 

Despite wide-spread excitement surrounding engineered cardiac platforms for drug 

development and several commercialization efforts underway, several hurdles remain. Compared 

to adult myocardium, or even neonatal myocardium, engineered cardiac constructs present a very 

immature phenotype, potentially limiting their physiological relevance. In early stages after 

differentiation with no intervention, hPSC-CMs display only fetal transcriptomes [66], ion channel 

expression [67], metabolic function [68], and contractility [69]. While three-dimensional culture 

has been shown to promote advanced hPSC-CM maturation [21–25], it is evidently insufficient to 
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routinely produce a robust cardiac phenotype that includes positive force-frequency responses 

and positive inotropic responses, thus potentially limiting their use as drug screening platforms. 

Several methods shown to advance hPSC-CM maturity in two-dimensional culture could 

potentially have the same effect in tissues, including fatty acid [70] or thyroid hormone 

supplementation [71], or microRNA treatment [72,73]. Advanced engineering approaches have 

been employed to further increase the maturity achieved in cardiac tissues, including electrical 

stimulation [52], increasing afterload [74], and the addition of preload or passive stretch [75,76], 

which, if successful, will greatly improve the predictive capacity of these engineered models. 

A significant difficulty that has become apparent when working with engineered tissues is 

controlling variability and demonstrating reproducibility. This variability arises, in part, from hPSC-

CM batch-to-batch variability and the different protocols used by different institutions for hPSC-

CM differentiation and tissue generation, both of which are inherently human processes where 

results may vary simply by the hands performing the experiment. To remove human sources of 

variability, many are turning toward automation of tissue generation and analysis, which will also 

increase platform throughput [37,57,77]. Additional variation arises from the different genetic 

backgrounds of the various hPSC lines used. Highlighting this challenge, a study compared the 

performance of ten different hPSC lines in cardiac tissue strips [78]. It was found that spontaneous 

and electrically paced tissue contractile performance and kinetics varied widely between the 

different lines, emphasizing the need for isogenic controls in disease modeling and advocating 

for the use of multiple hPSC lines during platform validation. Interestingly, it was found that despite 

the variability in baseline performance, the different hPSC lines behaved more consistently with 

regard to drug response, although with varying EC50 values [78]. To address this concern, it is 

likely that robust cardiac tissue platforms will continue to rely on multiple biological replicates and 

turn toward automation and the use of multiple genetic backgrounds. 

Conversely, this variability can be seen as a facet of hPSC and tissue engineering that 
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has not yet been fully taken advantage of. There are numerous studies describing the 

development of hPSC lines harboring cardiomyopathy-associated mutations that could be further 

used to screen disease-specific drug candidates in engineered cardiac constructs [79]. 

Additionally, such engineered tissue models can be used to examine biological sex-related 

differences in cardiac biology and disease, as these differences are known, but often overlooked 

in in vitro disease modeling and preclinical screening [80]. By including multiple cell lines from 

different genetic backgrounds and with different disease-causing genetic variants, we can begin 

to approximate not only personalized and patient-specific medicine, but also population-wide 

responses to different pharmacological agents in the dish.  

A significant limitation to translatability is that most platforms lack the biological complexity 

needed to fully reproduce native myocardium, necessitating the continued reliance on animal 

models for preclinical testing. At their simplest, cardiac constructs contain only hPSC-CMs, while 

others have included additional cell types including fibroblasts, endothelial cells, and 

mesenchymal cells, which have been shown to improve tissue quality and maturity. A biological 

element often missing from engineered cardiac constructs is vasculature, a key component 

needed to accurately model drug delivery. Strategies to vascularize constructs consist of co-

culturing with endothelial cells and addition of angiogenic factors, three-dimensional bioprinting, 

or microfluidic systems [81,82]. The development of in vitro models that better recapitulate the 

complexity of drug delivery and toxicity will also require the inclusion of additional organ systems 

involved in drug metabolism and clearance, e.g. hepatic and renal systems. To achieve this, 

several groups are developing complex, modular organ-on-a-chip systems [83,84]. If successful, 

such vascularized multi-organ systems would be the pinnacle of in vitro drug testing platforms. 

Lastly, it is worth noting that the vast majority of studies described in this review evaluated 

only compounds with known effects in human patients. As such, further studies are needed to 

demonstrate the true predictive capabilities of engineered cardiac tissues for clinical trial success. 
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However, some pioneering studies have used engineered constructs to explore novel antifibrotic 

agents [55], perform screening experiments to identify pro-proliferative compounds for heart 

regeneration [42], evaluate a novel myotrope [85], and even to evaluate the effect of COVID-19 

treatments on cardiac function [86].  Thus, it is evident that the stage is now set to explore the 

potential effects of novel therapeutics in engineered cardiac platforms.  

2.5 Conclusion 

In order to increase the efficiency with which new drugs are discovered and brought to clinical 

trials, it is necessary to improve the human in vitro models used, to increase their biological 

relevance and enable the field to move away from a reliance on animal models as the gold 

standard. To address concerns of cardiac toxicity, great efforts have been put toward the 

development of engineered cardiac tissues from hPSC-CMs. These platforms range in shape and 

scale from cardiac spheroids and microtissues, to sheets, strips, and rings, to chambers emulating 

an entire ventricle, all of which present their own advantages and limitations. This review has 

highlighted recent advances made in the development of cardiac tissue engineering for drug 

screening platforms. While lacking functional maturity and structural complexity in some regards, 

these constructs hold merit as drug screening platforms with powerful predictive capabilities that, 

as they stand, can provide value to early stages of the drug screening pipeline. With continued 

advancements in tissue maturity, automation, and throughput, it is our prediction that cardiac 

tissue engineering will continue to gain favor in the pharmaceutical industry.  
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Chapter 3. Establishing a three-dimensional model of Duchenne 

muscular dystrophy with a robust, multifaceted disease phenotype  

The findings in this chapter were published as the following first-author manuscript:  

S.B. Bremner, C.J. Mandrycky, A. Leonard, R.M. Padgett, A.R. Levinson, E.S. Rehn, J.M. Pioner, 

N.J. Sniadecki, D.L. Mack. Full-length dystrophin deficiency leads to contractile and calcium 

transient defects in human engineered heart tissues. Journal of Tissue Engineering. 2022:13. 

DOI: 10.1177/20417314221119628. 

3.1 Abstract 

Cardiomyopathy is currently the leading cause of death for patients with Duchenne 

muscular dystrophy (DMD), a severe neuromuscular disorder affecting young boys. Animal 

models have provided insight into the mechanisms by which dystrophin protein deficiency causes 

cardiomyopathy, but there remains a need to develop human models of DMD to validate 

pathogenic mechanisms and identify therapeutic targets. Here, we have developed human 

engineered heart tissues (EHTs) from CRISPR-edited, human induced pluripotent stem cell-

derived cardiomyocytes (hiPSC-CMs) expressing a truncated dystrophin protein lacking part of 

the actin-binding domain. The 3D EHT platform enables direct measurement of contractile force, 

simultaneous monitoring of Ca2+ transients, and assessment of myofibril structure. Dystrophin-

mutant EHTs produced less contractile force as well as delayed kinetics of force generation and 

relaxation, as compared to isogenic controls. Contractile dysfunction was accompanied by 

reduced sarcomere length, increased resting cytosolic Ca2+ levels, delayed Ca2+ release and 

reuptake, and increased beat rate irregularity. Transcriptomic analysis revealed clear differences 

between dystrophin-deficient and control EHTs, including downregulation of genes related to Ca2+ 

homeostasis and extracellular matrix organization, and upregulation of genes related to regulation 

of membrane potential, cardiac muscle development, and heart contraction. These findings 
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indicate that the EHT platform provides the cues necessary to expose the clinically-relevant, 

functional phenotype of force production as well as mechanistic insights into the role of Ca2+ 

handling and transcriptomic dysregulation in dystrophic cardiac function, ultimately providing a 

powerful platform for further studies in disease modeling and drug discovery.  

3.2 Introduction 

Duchenne muscular dystrophy (DMD) is characterized by profound skeletal muscle 

weakness and wasting, but the leading cause of death in these patients is congestive heart failure 

downstream of dilated cardiomyopathy [1]. DMD and Becker muscular dystrophy (BMD), the less 

severe form of the disease, are caused by a lack of full-length dystrophin, a long, rod-shaped 

protein that localizes to the sarcolemma, where it anchors the sarcolemma to the extracellular 

matrix and the intracellular cytoskeleton through recruitment of the dystroglycan complex [2]. 

Dystrophin deficiency causes increased cell fragility and vulnerability to contraction-induced cell 

damage, leading to cycles of cardiac degeneration along with a gradual accumulation of non-

contractile fibrotic tissue as the disease progresses [3]. Lack of dystrophin also has pleiotropic 

effects on cardiomyocyte function, including Ca2+ dysregulation [4, 5], nitric oxide dysregulation 

[6, 7], and mitochondrial dysfunction [8, 9], leading to oxidative damage and cell death [10, 11]. 

Dystrophin expression first occurs early in cardiac development [12, 13], thus, a lack of functional 

dystrophin likely affects cardiac development well before the presentation of clinical symptoms 

[14, 15]. However, the cellular mechanisms by which dystrophin deficiency leads to cardiac 

dysfunction at the organ level are not well understood, further complicated by limitations of current 

disease models. As such, the development of improved human in vitro disease models would be 

of great benefit to the field.  

Current models are insufficient to fully elucidate the mechanisms of cardiomyopathy 

progression in DMD, as commonly used animal models have only mild and late-onset cardiac 

phenotypes and fail to recapitulate the human condition. The mdx mouse [16], although relied 
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upon heavily to advance our understanding of DMD, displays a minimal reduction in average 

lifespan when compared to human patients and presents minimal disease phenotypes or clinical 

indicators of cardiomyopathy until much later in disease progression [17, 18]. This lack of clinically 

relevant symptoms is often accompanied by spontaneous rhabdomyosarcoma, something not 

seen in human DMD patients [19]. Larger animal models, while often presenting more severe 

disease phenotypes, are limited by disease phenotype variability, high maintenance costs, and 

ultimately, a lack of relevant human physiology [20]. Additionally, given ethical concerns 

surrounding the use of animal in research, there is a desire to reduce and replace the use of 

animal models. Hence, there exists a need for human models of DMD suitable for preclinical 

studies to validate the molecular drivers of cardiac and skeletal muscle pathology and test genetic 

and small molecule therapeutics quickly and inexpensively.  

Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) have 

emerged as a useful tool to study the multiple facets of dystrophin function not easily explored 

with animal models [21]. These stem cell-derived models have successfully replicated many 

known dystrophic phenotypes observed in DMD patients, including membrane fragility, Ca2+ 

handling and electrophysiological abnormalities, mitochondrial damage, and impaired force 

production [21–30]. However, hiPSC-CMs grown in 2D tissue culture platforms are limited by an 

immature cardiac phenotype, requiring long-term culture or a combination of structural and 

biochemical cues to promote sufficient maturation and accentuate the multifaceted dystrophic 

phenotype [23, 31]. These 2D platforms also subject cells to non-physiologic culture conditions 

and rely on single-cell measures, all of which limit the ability to capture an accurate and complete 

representation of cardiac function in both the normal and diseased states. 3D cardiac tissue 

engineering holds promise to produce models that more accurately mimic dystrophic 

cardiomyopathy in vitro.  
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We have previously developed engineered heart tissues (EHTs) that provide a 3D, 

physiological cell culture platform that allows for the assessment of hiPSC-CM auxotonic 

contractile function under uniaxial tensile load [32–34]. The EHT platform consists of hiPSC-CMs 

and stromal cells suspended in a fibrin hydrogel between two silicone posts, one flexible and one 

rigid, that forms synchronously contracting tissues, allowing for measurement of contractile force 

and kinetics. EHTs promote uniaxial cell alignment and physiological auxotonic contractions, 

which have been shown to improve cardiac maturation beyond what is achieved in 2D culture 

[35–39]. We hypothesize that the EHT platform will provide the environment necessary to expose 

the structural and physiological differences between normal and dystrophin-deficient heart muscle 

in vitro.  

In this study, we generated EHTs from genetically-edited hiPSC-CMs harboring a 

dystrophin-truncating mutation (DMD 263delG) [31, 40]. Compared to isogenic controls, we 

observed that DMD 263delG EHTs display reduced contractile force and delayed kinetics of force 

development and relaxation. This was observed in addition to impaired sarcomere development, 

as dystrophic EHTs were found to have shorter sarcomere lengths. Dystrophic EHTs were also 

found to have increased cytosolic Ca2+ levels, slowed Ca2+ transient kinetics, and a higher 

incidence of irregular beat intervals as compared to isogenic controls. Transcriptome sequencing 

indicated dysregulation of several biological processes in DMD 263delG EHTs, including those 

related to heart development and contraction, Ca2+ and membrane potential homeostasis, and 

organization of the extracellular matrix. These results demonstrate that the EHT platform provides 

sufficient maturational cues to expose multiple facets of the DMD phenotype in a single platform. 

The results of this and future studies will continue to uncover and refine our understanding of the 

mechanisms by which dystrophin deficiency leads to heart failure early in disease progression 

and provide a platform for testing new genetic and small molecule therapies.  
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3.3 Methods 

3.3.1 Stem cell culture and directed cardiac differentiation 

A urine-derived hiPSC line from a healthy male donor (control) was established as 

previously described [22]. An isogenic diseased cell line harboring a dystrophin mutation (DMD 

263delG) was generated from the control cell line via the deletion of a single base pair in Exon1 

of the DMD gene with CRISPR-Cas9 as previously described [31]. Undifferentiated hiPSCs were 

maintained in mTeSR1 (Stemcell Technologies) on tissue culture plates coated with a 1:60 

dilution of Matrigel (Corning). Cardiomyocyte directed differentiation was performed using a 

modified small molecule Wnt-modulating protocol optimized to each cell line as previously 

described [41]. Briefly, hiPSCs were seeded at 1.5 – 2.5 ´ 105 cells/cm2 on Matrigel-coated plates 

in mTeSR1 with 10 µM Y-27632 ROCK inhibitor (Tocris). Cells were maintained in mTeSR1 with 

daily media changes until they reached confluency, which was typically 2 to 3 days after initial 

seeding. The initiation of directed differentiation (day 0) was defined by changing the media to 

RPMI 1640 (Gibco) plus B-27 supplement minus insulin (Life Technologies) and 12-14 µM Chiron 

99021 (Axon Medchem) to activate Wnt/β-catenin signaling via inhibition of glycogen synthase 

kinase-3β (GSK-3β). After 24 h (day 1), media was changed to RPMI with B-27 minus insulin. On 

day 3, media was changed to RPMI with B-27 minus insulin and 5 µM IWP-4 (Stemgent) to inhibit 

Wnt/β-catenin signaling. On day 5, media was changed to RPMI with B-27 minus insulin. On day 

7, the media was changed to RPMI with B-27 supplement (with insulin) and media was 

subsequently changed every 2-3 days. All differentiation steps were performed in 12-well plates 

with media volumes of 2 mL per well. hiPSC-CMs were replated into 10 cm dishes on day 14 to 

prepare for lactate enrichment. On days 16 and 18, media was changed to DMEM without glucose 

(Gibco) supplemented with 4 mM sodium L-lactate (Sigma-Aldrich) to enrich for cardiomyocytes. 

Cells were returned to RPMI with B-27 supplement plus insulin and cultured until day 25-27. Prior 
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to EHT casting, cardiomyocyte purity (>90%) was evaluated by flow cytometry for cardiac troponin 

T (Fig 3.1). All cell culture media was supplemented with 100 U/mL penicillin-streptomycin.  

 

Figure 3.1. Flow cytometric analysis of hiPSC-CM purity. All batches of control (above) and DMD 263delG 

(below) hiPSC-CMs used in casting EHTs were confirmed to contain >90% cardiomyocytes are measured 

by cardiac troponin T (cTnT) expression. Red peaks indicate cTnT-stained samples and blue peaks indicate 

IgG-stained negative controls.  

3.3.2 EHT platform and generation 

The EHT post platform was designed and fabricated as described previously, resulting in 

racks of six pairs of posts measuring 12 mm long and 1.5 mm in diameter with a cap [32–34]. 

Briefly, uncured polydimethylsiloxane (PDMS, Sylgard 184 mixed at a 10:1 ratio of base to curing 

agent) was poured into a four-part acrylic mold with a glass capillary tube (Drummond, Cat #1-
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000-0500) inserted into one post of each pair to make it rigid. Posts were left to cure at room 

temperature for 24 h then baked at 65 °C overnight to cure completely before being separated 

from the mold. Prior to EHT casting, PDMS posts were submerged in 70% ethanol for 10 min, 

rinsed with sterile deionized water for 10 min, then UV sterilized for 10 min. The PDMS had a 

modulus of elasticity of 2.5 MPa, so the bending stiffness of the flexible post in each pair was 

calculated to be 0.95 µN/µm, as previously described [32, 42].  

EHTs were cast on day 25-27 of cardiac differentiation as previously described [33, 34]. 

Briefly, rectangular 2% agarose casting molds were prepared in 24-well tissue culture plates using 

3D-printed spacers. Each rack of PDMS posts was positioned upside down with the tips of posts 

centered in the agarose wells. A solution of 100 µL volume consisting of 7.5 ´ 105 hiPSC-CMs 

and 5 ´ 104 HS27a human bone marrow stromal cells (ATCC) in RPMI with B-27 with 5 mg/mL 

bovine fibrinogen (Sigma-Aldrich) and 3 U/mL thrombin (Sigma-Aldrich) was pipetted into each 

agarose well. The mixture was incubated at 37 °C for 80 min to form EHTs suspended between 

pairs of posts and then transferred into a new 24-well plate with EHT media (RPMI with B-27 

supplemented with 5 mg/mL aminocaproic acid, Sigma-Aldrich) for culture. EHT media was 

exchanged every 2-3 days for 3 weeks before subsequent analysis.  

3.3.3 Contractile force measurement 

EHTs were placed in a Tyrode’s buffer (1.8 mM CaCl2, 1 mM MgCl2, 5.4 mM KCl, 140 mM 

NaCl, 0.33 mM NaH2PO4, 5 mM glucose, pH 7.35) at 37 °C for contractile analysis. A custom 

pacing apparatus with carbon electrodes built to fit a 24-well plate was used with an electrical 

stimulator (Astro Med Grass Stimulator, Model S88X) to provide biphasic field stimulation at 1.5 

Hz (5 V/cm for 10 ms duration) during imaging [33]. Videos of EHT contraction were taken at 66.7 

frames per second using an ORCA-Flash4.0 C13440 CMOS camera (Hamamatsu) on a Nikon 

TEi epi-fluorescent microscope with a 2´ objective and 0.7´ coupler, providing 4.64 µm/pixel 

resolution and a field of view of 9.5 mm ´ 9.5 mm, which was sufficient to visualize the full length 
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of the EHTs and the tips of both posts. A custom MATLAB script was used to track the deflection 

of the flexible post relative to the rigid post and from this analysis, we calculated twitch force, 

shortening velocity, time to peak, time to 50% and 90% relaxation, active twitch power, and total 

twitch work, as previously described [42, 43]. Briefly, twitch force was calculated by subtracting 

the tissue force minima from the following maxima and contraction kinetic metrics were calculated 

from the unnormalized tissue force traces. Shortening velocity was calculated as the maximum 

derivative of tissue force of each EHT contraction. EHT cross-sectional area was calculated 

assuming an elliptical cross section with a measured tissue width and conservatively estimated 

thickness of 500 µm. Specific force was then calculated by dividing the twitch force of each EHT 

by its cross-sectional area. For each EHT, analysis was performed on five consecutive 

contractions. 

3.3.4 Beat interval irregularity measurement 

Before initiation of electrical pacing, video recordings of spontaneously beating EHTs were 

taken to assess beat rate variability as previously described [23, 44]. Briefly, EHTs were 

submerged in Tyrode’s buffer at 37 °C and a video of the flexible post was recorded for 60 s at 

10 frames per second during spontaneous contraction. Post deflection was tracked and beat 

intervals (BI) were measured using a custom MATLAB script. BI were identified using a noise 

tolerant, peak finding algorithm that identifies local maxima that are greater than a threshold of 

one-fourth the amplitude of the data above the minimum. BI irregularity (ΔBI) was calculated as 

the difference between subsequent BI (ΔBI = BIn+1 - BIn).  

3.3.5 Calcium transient measurement  

Ca2+ transients in EHTs were assessed using the ratiometric Ca2+ indicator dye Fura-2 

AM (Invitrogen), under 1.5 Hz electrical stimulation in Tyrode’s buffer at 37 °C. To load Fura-2, 

EHTs were incubated in EHT media with 5 µM Fura-2 AM for 1 h followed by a washout period of 
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30 min in EHT media before being transferred to Tyrode’s buffer. Two custom filter cubes 

(Chroma) were used to excite the dye at 365 nm or 380 nm and capture its emission at 510 nm. 

Excitation at 365 nm is near the isosbestic point of Fura-2 (360 nm) while emission intensity with 

380 nm excitation decreases with increasing Ca2+ levels. Videos were taken at 50 frames per 

second on an ORCA-Flash4.0 C13440 CMOS camera (Hamamatsu) on a Nikon TEi epi-

fluorescent microscope with a 2x objective and 0.7x coupler as described. To enable ratiometric 

Ca2+ assessment, a series of three videos of EHT contraction were taken sequentially at 365 nm, 

380 nm, and again at 365 nm excitation. These videos were then analyzed with a custom MATLAB 

script to track the position of the flexible post and determine the average pixel intensity within the 

EHT area during contraction. The fluorescence intensity of the two 365 nm excitation recordings 

at the start and end of the experiments were averaged to account for any effects of photobleaching 

of the dye. The average was then used in calculating a ratio of baseline fluorescence intensity at 

365 nm excitation over the dynamic fluorescence intensity at 380 nm excitation due to changes 

in the concentration of intracellular Ca2+. The 365nm/380nm ratio was then used to calculate the 

kinetics of the Ca2+ transient, including time to peak, time to 50% decay, and rate to 50% decay. 

For each EHT, analysis was performed on 5 consecutive contractions. 

3.3.6 Immunoblot 

Protein lysates were obtained from a subset of individual EHTs after force and Ca2+ 

measurements using an ice-cold RIPA buffer supplemented with 2% protease inhibitor cocktail 

(Sigma P8340). Individual EHTs were homogenized in 75–100 µL of buffer using a micro-

homogenizer with a 5 mm probe (VWR). Samples were lysed on ice for 30 min, then spun down 

at 21,000 g for 10 min at 4 ºC to remove cellular and matrix debris. The supernatant was isolated 

and protein concentration was measured using the Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific) according to manufacturer’s instructions.  
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Samples were prepared for electrophoresis by adding 4´ Laemmli Sample Buffer (Bio-

Rad) and 2.5% β-mercaptoethanol, after which samples were denatured at 95 ºC for 10 min. 

Protein was loaded into 4–15% Mini-PROTEAN TGX Stain-Free Gel at 50 µg per sample and run 

at 100 V for 80 min in 1´ Tris/Glycine/SDS running buffer (Bio-Rad). Protein gels were transferred 

onto Immun-Blot LF PVDF membranes (Bio-Rad) overnight at 30 V and 4 ºC in 1´ Tris/Glycine 

buffer (Bio-Rad) with 10% methanol. Membranes were blocked in Blocker FL Fluorescent 

Blocking Buffer (Thermo Fisher Scientific) for 1 hour at room temperature. Primary antibodies 

against dystrophin (Abcam 15277, 1:1000), β-dystroglycan (DSHB MANDAG2(D11), 1:1000), 

and GAPDH (Sigma SAB4300645, 1:1000) were diluted in blocking buffer and incubation was 

performed overnight at 4 ºC with agitation. Membranes were washed three times for 5 min in TBS-

T at room temperature, then incubated for 1 hour at room temperature with species-matched 

AlexaFluor-conjugated secondary antibodies (Invitrogen, 1:1000) diluted in blocking buffer with 

agitation. Membranes were again washed three times for 5 min in TBS-T before imaging on a 

ChemiDoc MP imaging system (Bio-Rad). Before re-probing for other targets, membranes were 

stripped of antibodies with Restore Plus Western Stripping Buffer (Thermo Fisher Scientific) for 

10 minutes, then washed 3 times for 10 minutes in TBS-T at room temperature. Densitometric 

quantification of western blot band intensity was performed using ImageJ and protein levels were 

normalized to the level of GAPDH in the sample.  

3.3.7 Immunofluorescent imaging and quantitative sarcomere analysis 

A subset of EHTs were processed for histology as previously described [33]. Briefly, 

following force and Ca2+ assessment, EHTs were submerged in 140 mM KCl for 1 min to inhibit 

contraction and induce EHT relaxation followed by fixation in 4% paraformaldehyde in DPBS for 

15 min. EHTs were then washed with DPBS and dehydrated in a 30% w/v sucrose solution 

overnight at 4 °C. EHTs were removed from the posts and embedded in O.C.T. compound. 

Longitudinal and transverse cryosections of 20 µm thickness were used for histology. Sections 
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were blocked and permeabilized with 1% BSA and 0.1% Triton X-100 for 30 min at room 

temperature, followed by overnight incubation at 4 °C with mouse primary antibodies against α-

actinin (Sigma-Aldrich A7811, 1:800) or dystrophin (Leica NCL-DYS1 (monoclonal, 1:30) or 

Abcam 15277 (polyclonal, 1:200). The following day, sections were incubated with donkey anti-

mouse Alexa Fluor 488, donkey anti-rabbit Alexa Fluor 555, or goat anti-mouse Alexa Fluor 594 

(Invitrogen, 1:200), and Alexa Fluor 488 phalloidin (Invitrogen A12379, 1:150), for 1 hour at room 

temperature. Cover slides were mounted with ProLong™ Gold Antifade Mountant with DAPI 

(Invitrogen). Images were taken on a Leica SP8 confocal microscope. Laser strength and gain 

were kept constant between all samples and fields of view. Resting sarcomere length and 

alignment were calculated using α-actinin stained images and a scanning gradient Fourier 

transform program in MATLAB, as previously described [45]. Z-disk width was calculated using a 

custom MATLAB script that thresholds and measures the major axis length of α-actinin stained 

images. Dystrophin stain intensity was quantified by applying a threshold mask to images to select 

cell area then averaging the pixel intensity within the mask.  

3.3.8 RNA sequencing 

Following force and Ca2+ assessments, a subset of EHTs were removed from posts and 

stored in RNAlater (Ambion) at -80 ºC. Lactate enriched, age-matched hiPSC-CMs (7 weeks post 

differentiation) were similarly stored in RNAlater at -80 ºC. Individual EHTs and hiPSC-CM 

samples were sent to BGI genomics for RNA extraction and 100 base pair paired-end 

transcriptome sequencing on the DNBseq platform with 50 million reads per sample. Reads were 

aligned to the human genome using Rsubread (Bioconductor) to GENCODE GRCh38.p13 [46]. 

Aligned reads were then counted using featureCounts (Bioconductor), excluding chimeras, multi-

mapping genes, multi-overlap, and single end genes, resulting in roughly 20 million counts per 

individual EHT [46]. Differential expression analysis was performed using edgeR (Bioconductor) 

and the following criteria: counts > 10, p < 0.05, |log(FC)| > 0.3, FDR < 0.05 [47]. Gene ontology 
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(GO, 02/2021 release) analysis was performed with clusterProfiler (Bioconductor) [48]. The RNA 

sequencing datasets described in this study can be accessed in the NCBI Gene Expression 

Omnibus (GEO) repository with accession ID GSE199242. 

3.3.9 Biological replicates and statistical analysis 

The data shown herein represent EHTs pooled from multiple experimental replicates as 

indicated, where an independent experiment refers to a batch of EHTs made from an independent 

differentiation. The data encompasses up to three independent experiments with 6–12 tissues 

per batch, as indicated in figure legends. All data points shown in figures represent values for a 

single EHT and different symbols designate separate experiments. All values are reported as 

mean ± standard error of the mean (S.E.M.) unless indicated otherwise. Results were compared 

using an unpaired, two-tail t-test unless indicated otherwise and differences with a p-value < 0.05 

were considered statistically significant as denoted with an asterisk. 

3.4 Results 

3.4.1 Generation of EHTs from dystrophin-mutant hiPSC-CMs 

Control hiPSCs were generated from urine derived cells from a healthy donor as previously 

described [22]. The control line was genetically edited using CRISPR-Cas9 to generate an 

isogenic match that harbored a dystrophin-truncating mutation (DMD 263delG) [31, 40]. Briefly, 

the DMD 263delG line has a single base pair deletion within the first exon of the DMD gene, 

resulting in the expression of a truncated isoform of dystrophin lacking a significant portion of the 

actin-binding domain (exons 1-6) (Fig 3.2A). N-terminal DMD mutations are known to cause more 

severe cases of Becker’s muscular dystrophy [49]. Both control and DMD 263delG hiPSCs were 

subjected to directed cardiomyocyte differentiation and used to generate EHTs by casting hiPSC-

CMs in a fibrin gel between two silicone posts, one flexible and one rigid (Fig 3.2B). Both control 

and DMD 263delG hiPSC-CMs generated EHTs that compacted in size between the posts and 
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began to generate observable spontaneous contractions within one week of casting (Fig 3.2C). 

Both control and DMD hiPSC-CMs produced EHTs of similar resting length and cross-sectional 

area, indicating that EHT compaction, and therefore resting tissue force and stress, was 

consistent between the two lines (Fig 3.3). Western blot analysis using a polyclonal antibody 

against the C-terminal domain of dystrophin showed similar expression levels of dystrophin 

protein in control and DMD 263delG EHTs (Fig 3.2D-E). Additionally, we observed lower-trending 

expression of β-dystroglycan, another dystroglycan complex protein, in DMD 263delG EHTs (Fig 

3.2D-E), recapitulating the most recent demonstration of dystroglycan protein complex assembly 

in hiPSC-CMs [50]. However, while immunocytochemical analysis of sarcomeric F-actin 

confirmed the presence of uniaxially aligned sarcomeres in control and DMD 263delG EHTs, an 

antibody targeting the rod domain of dystrophin (exons 26-30) indicated a high amount of the full-

length protein in the control EHTs and only a trace amount of the truncated protein in the DMD 

263delG EHTs (Fig 3.2F, Fig 3.4). Similarly, in transverse sections, we observed that dystrophin 

localized strongly to the cell membrane in control EHTs, while less dystrophin appeared at the 

cell membrane in DMD 263delG EHTs (Fig 3.2G). Together, these results suggest that while 

there was equivalent total expression of dystrophin in the DMD 263delG EHTs as seen by western 

blot, there is decreased localization of this truncated dystrophin to the cell membrane as seen by 

immunofluorescence. The observed decrease in β-dystroglycan further supports this hypothesis 

of impaired dystroglycan protein complex formation in the absence of full-length dystrophin. 
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Figure 3.2. Human engineered heart tissues as a model of DMD. Human engineered heart tissues as a model of 

DMD. (A) Schematic of the CRISPR gene editing strategy that targeted the first exon of the DMD gene, resulting in the 

deletion of G263 to generate the DMD 263delG cell line which expresses a truncated protein missing the actin-binding 

domain up to exon 6. (B) Schematic diagram showing an EHT attached to two posts, one flexible and one rigid, in 

culture. The force of EHT contraction can be quantified using the stiffness (Kpost) and measured deflection (Δpost) of the 

flexible post. (C) Representative images of control DMD 263del EHTs with the rigid post on the left and the flexible post 

on the right. Scale bars = 1 mm. (D) Western blot analysis of dystrophin and β-dystroglycan (β-DG) expression in 

individual control and DMD 263delG (DMD) EHTs, with GAPDH as a loading control (n = 3). (E) Normalized protein 

level of dystrophin and β-dystroglycan based on loading control GAPDH (n = 3, p-values indicated). (F) 

Immunofluorescent images of longitudinal EHT sections stained for dystrophin (Leica NCL-DYS1, red), F-actin 

(Phalloidin, green), and nuclei (DAPI, blue). Scale bars = 50 µm. (G) Immunofluorescence images of transverse 

sections of control and DMD 263delG EHTs stained with antibodies for dystrophin (Abcam 15277, red), α-actinin 

(green), and nuclei (blue). Scale bars = 25 µm.  

 

Figure 3.3. Consistency in EHT compaction after 3 weeks in culture. (A) Width of control and DMD 263delG EHTs 

as measured from recorded images. (B) Estimated EHT cross-sectional area calculated as an ellipse from the 

measured tissue width and an estimated 500 µm tissue thickness (Area = π × width × thickness). (C) Total EHT length 

as measured from recorded images, illustrating the occurrence of compaction from the original 8 mm starting EHT 

length. Data shown represent all replicates from three independent experiments (Control n = 27, DMD 263delG n = 

30). 
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Figure 3.4. Dystrophin expression measured by immunofluorescence imaging. (A) Control and DMD 263delG 

EHTs were stained with an antibody targeting the rod domain of dystrophin (exons 26-30), indicating a high amount of 
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the full-length protein in the control EHTs and a trace amount of the truncated protein in the DMD 263delG EHTs. Scale 

bars = 50 µm. (B) Quantification of dystrophin stain pixel intensity, each data point represents the average of multiple 

images from a single EHT. 

3.4.2 Transcriptional phenotype of DMD hiPSC-CMs and EHTs 

We performed RNA-sequencing on age-matched hiPSC-CMs and EHTs to investigate the 

transcriptomic effects of 3D EHT culture downstream of the DMD 263delG mutation (Fig 3.5A). 

We observed that 2D cell culture produced more differentially expressed genes (DEGs, |log(FC) 

> 0.3|, p < 0.05, FDR < 0.05, n = 3) between control and DMD 263delG samples than EHTs (4,233 

DEGs for 2D cell culture versus 1,527 DEGs for EHTs) (Fig 3.5B). Interestingly, there appeared 

to be very little overlap between DEGs upregulated or downregulated as a result of the DMD 

263delG mutation in 2D cell culture when compared to EHTs. To better demonstrate the 

differences between 2D and EHT culture, we compared the top 30 upregulated and 

downregulated gene ontology (GO) biological processes (BP) as ranked by p-value (Fig 3.5C-D). 

When comparing 2D control and DMD 263delG hiPSC-CMs, very little emerges that is relevant 

to dystrophin function or cardiac biology. Interestingly, while there was a downregulation of genes 

related to heart development and cardiac muscle cell action potential, the majority of BP terms 

relate to a large upregulation in mitochondrial function and ATP generation, with downregulation 

of BPs related to neural development, epithelial morphogenesis, and hemostasis (Fig 3.5C). 

Conversely, when comparing control and DMD 263delG EHTs, we observed dysregulation of 

many BPs relevant to cardiac function, including many related to heart and cardiac muscle 

development, cardiac action potential and muscle contraction, as well as extracellular matrix 

organization (Fig 3.5D). These results suggest that the DMD 263delG mutation does not have a 

profound effect on the cardiac-specific transcriptome in 2D culture, perhaps due to decreased 

hiPSC-CM maturity in this less physiologically-relevant culture platform, while the uniaxial, 3D 

culture provided by EHTs produces a disease-relevant transcriptomic response. 
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A closer analysis of the transcriptional changes that occurred in DMD 263delG EHTs 

reveals potential mechanisms driving the dystrophic phenotype presented in EHTs. Direct 

comparison of a subset of DEGs with the highest fold change revealed a hierarchical clustering 

that clearly delineates the two genotypes (Fig 3.5E). GO analysis indicated dysregulation of 

several key BPs including those related to cardiac muscle tissue development, heart contraction, 

regulation of membrane potential, calcium ion homeostasis, and extracellular matrix organization 

(Fig 3.5F). Further inspection of key genes identified by GO analysis indicates potential drivers 

of the dystrophic phenotype presented in EHTs (Table 2.1). Interestingly, we observed increased 

expression of DMD mRNA in DMD 263delG EHTs, potentially indicating an attempted 

compensatory mechanism for the dysfunctional mutant dystrophin protein. Ultimately, we 

observed that 3D EHT culture produces transcriptional changes relevant to cardiac biology, 

suggesting multiple mechanisms driving the dystrophic phenotype produced as a result of a lack 

of full-length dystrophin.  
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Figure 3.5. Transcriptome dysregulation in DMD 263delG hiPSC-CMs and EHTs. (A) Schematic of RNA-

sequencing experiment where control and DMD 263delG hiPSC-CMs (7 weeks post differentiation) were compared 

and control and DMD 263delG EHTs (4 weeks post differentiation + 3 weeks EHT culture) were compared in separate 

experiments (n = 3). (B) Venn diagrams comparing the number of differentially expressed genes (DEGs) that were 

upregulated or downregulated in DMD 263delG 2D hiPSC-CMs and EHTs. (C) Top gene ontology (GO) processes up- 

or downregulated in DMD 263delG hiPSC-CMs and (D) EHTs, as ranked by p-value. GO terms relevant to cardiac 

biology appear in bold typeface. (E) Heatmap of a subset of normalized DEGs in control and DMD 263delG EHTs with 

hierarchical clustering represented by dendrogram (n = 3). Highlighted areas indicate genes corresponding to GO 

processes. (F) GO analysis of DEGs in DMD 263delG versus control EHTs.  
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Table 3.1. Biological processes of interest from gene ontology (GO) analysis of EHTs. 

GO ID Description Gene Ratio Adjusted p-

value 

Genes 

Upregulated in DMD 

GO:0042391 Regulation of membrane 

potential 

44/584 1.12E-07 NRXN1, GJA5, GABRB2, CACNA1G, KCNJ3, RGS4, ANK3, ATP2A2, PLN, MEF2C, RNF207, RYR2, 

SCN5A, AKAP6, NETO1, BVES, USP53, SLC8A1, CACNA1C, DMD, KCNK1, POPDC2, ATP1B2, 

KCNK2, NNT, NDUFS1, ATP1B1, GOT1, FGF12, SCN3B, INSYN2A, KCNQ3, CUX2, BCO2, IGSF11, 

POPDC3, GRIN3A, RELN, RTL10, NLGN4X, MYH14, RIMS4, SEZ6, SLC25A27 

GO:0048738 Cardiac muscle tissue 

development 

27/584 1.16E-05 MYH6, RGS4, TBX3, PDLIM5, S1PR1, TTN, MYH11, PLN, MEF2C, RYR2, NEBL, FHOD3, WNT5A, 

MYOCD, MYBPC3, BMP7, BMP5, AKAP6, BVES, SLC8A1, PROX1, ADAMTS9, KCNK2, TBX5, 

TGFB2, FOXC2, SGCD 

GO:0060047 Heart contraction 31/584 1.16E-05 GJA5, MYH6, CACNA1G, KCNJ3, RGS4, TTN, ATP2A2, PLN, RNF207, CORIN, RYR2, MYBPC3, 

SCN5A, BVES, SLC8A1, CACNA1C, DMD, AGT, DES, KCNK1, POPDC2, ATP1B2, CELF2, TGFB2, 

ATP1B1, FGF12, SCN3B, CCN2, SPX, SEMA3A, SGCD 

GO:0014706 Striated muscle tissue 

development 

36/584 1.85E-05 MYH6, RGS4, TBX3, PDLIM5, S1PR1, TTN, MYH11, TLL2, PLN, MEF2C, MYOM2, NR1D2, RYR2, 

BTG2, NEBL, FHOD3, WNT5A, MYOCD, MYBPC3, BMP7, BMP5, AKAP6, GPCPD1, BVES, SLC8A1, 

POPDC2, PROX1, ADAMTS9, KCNK2, TBX5, TGFB2, FOXC2, POPDC3, SMO, SGCD, MYH14 

GO:0008015 Blood circulation 42/584 3.93E-05 ANGPT1, GJA5, MYH6, DRD1, CACNA1G, KCNJ3, RGS4, CDH5, TTN, ATP2A2, PLN, SLIT2, RNF207, 

CORIN, SLC6A4, RYR2, MYBPC3, SCN5A, BVES, SLC8A1, CACNA1C, DMD, AGT, DES, KCNK1, 

POPDC2, ATP1B2, CELF2, TGFB2, ATP1B1, FGF12, SMTNL2, FOXC2, SCN3B, CCN2, ARHGAP42, 

SPX, SEMA3A, ADRB3, ZDHHC21, SGCD, FLI1 

GO:0035051 Cardiocyte differentiation 20/584 5.29E-05 MYH6, RGS4, JAG1, TBX3, PDLIM5, TTN, MYH11, MEF2C, NEBL, FHOD3, VCAM1, MYOCD, 

PRICKLE1, BMP7, AKAP6, BVES, SLC8A1, PROX1, TBX5, TGFB2 

GO:0002027 Regulation of heart rate 16/584 7.24E-05 MYH6, CACNA1G, KCNJ3, RGS4, ATP2A2, PLN, RYR2, SCN5A, BVES, SLC8A1, CACNA1C, DMD, 

POPDC2, SCN3B, SPX, SEMA3A 

GO:0002009 Morphogenesis of an 

epithelium 

45/584 8.58E-05 EPHA4, SFRP2, TGM2, IRX2, IRX1, MTSS1, NPNT, JAG1, TBX3, COL4A1, PBX1, SHROOM3, 

KIF26B, ROR1, SLIT2, MEF2C, RNF207, PDPN, NTN1, RYR2, WNT5A, PRICKLE1, BMP7, BMP5, 

DLC1, FERMT1, GPC3, AGT, DCHS1, PROX1, TBX5, CELSR1, RDH10, STARD13, TGFB2, FOXC2, 

FST, SEMA3A, OSR1, OPA1, SMO, HOXB4, TIE1, CYP7B1, FRZB 

GO:0090257 Regulation of muscle system 

process 

26/584 0.000102 FOXO1, GJA5, RGS4, ATP2A2, PLN, RNF207, RYR2, MYOCD, MYBPC3, MLIP, SCN5A, AKAP6, 

SLC8A1, PPARGC1A, CACNA1C, DMD, AGT, TRPC3, ATP1B1, PPP1R12B, CCN2, ARHGAP42, SPX, 

ZDHHC21, KIT, CALCRL 

GO:0003231 Cardiac ventricle development 18/584 0.000180 GJA5, SFRP2, MYH6, JAG1, TBX3, SLIT2, MEF2C, RYR2, WNT5A, MYOCD, MYBPC3, SCN5A, 

PROX1, KCNK2, TBX5, TGFB2, FOXC2, ROBO2 

Downregulated in DMD 
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GO:0060337 Type I interferon signaling 

pathway 

28/742 4.13E-14 USP18, IRF6, HLA-B, IFITM3, MX2, IFI6, HLA-C, GBP2, HLA-E, IFITM2, HLA-A, ISG15, EGR1, OAS2, 

STAT2, IRF7, SP100, IFITM1, PSMB8, BST2, OAS3, OAS1, IFIT3, NLRC5, IRF1, OASL, STAT1, IFIT2 

GO:0060333 Interferon-gamma-mediated 

signaling pathway 

26/742 1.44E-11 IRF6, HLA-B, TRIM38, ICAM1, HLA-C, GBP2, HLA-E, PML, HLA-A, TRIM22, OAS2, IRF7, SP100, 

PARP14, B2M, TRIM21, OAS3, OAS1, NLRC5, IRF1, OASL, PARP9, SOCS1, NMI, STAT1, HCK 

GO:0051607 Defense response to virus 41/742 5.15E-11 DTX3L, SHFL, PLSCR1, IFITM3, IFI44L, TRIM56, MX2, IFI6, BNIP3L, DDIT4, DHX58, IFITM2, PML, 

ZC3HAV1, ISG15, EIF2AK2, TSPAN32, IFI16, TRIM22, OAS2, IFIH1, STAT2, IRF7, IFITM1, GBP3, 

DDX60, BST2, OAS3, SLFN11, OAS1, IFIT3, NLRC5, NLRP1, IRF1, OASL, ZC3H12A, PARP9, STAT1, 

UNC93B1, BNIP3, IFIT2 

GO:0001817 Regulation of cytokine 

production 

70/742 4.12E-10 IL20RB, SSC5D, CDH3, HLA-B, ERRFI1, C3, BTN3A2, LRP1, CD36, TRIM56, UBA7, INHBB, LUM, 

BTN3A1, DHX58, HLA-E, PML, CPTP, TGFB1, CD47, RUNX1, GATA3, RELB, HLA-A, ISG15, EIF2AK2, 

EGR1, CEBPB, DTX4, IFI16, LTF, IFIH1, CCN4, STAT6, IRF7, TRIB2, BCL3, UBE2L6, P2RX7, F3, 

B2M, GAPDH, TRIM21, HILPDA, GPNMB, ANXA4, BST2, SEMA7A, RARA, INHA, RPS3, UCN, 

NFATC4, NLRC5, ITGB8, DDIT3, NLRP1, IRF1, ZC3H12A, IL18, TSKU, SERPINB7, GDF2, MAPK13, 

SOCS1, POU2F2, NMI, LGALS9, STAT1, CCDC88B 

GO:0030198 Extracellular matrix 

organization 

50/742 6.73E-09 COL5A1, DCN, AGRN, JAM2, VWA1, WT1, LRP1, TNC, ICAM1, LOXL2, DPT, LOX, COL1A1, LUM, 

MMP2, COL6A2, COL1A2, ECM2, BGN, TGFB1, COL2A1, COL6A3, CD47, RUNX1, COL4A4, 

COL11A2, COL3A1, CREB3L1, ITGA6, NTNG1, BCL3, LOXL1, CCDC80, ITGA11, SPOCK2, SOX9, 

LOXL4, EMILIN1, COL5A3, MELTF, ADTRP, PECAM1, CTSS, ITGB8, OLFML2A, LAMB3, 

CSGALNACT1, TGFBI, ERO1A, COL10A1 

GO:0045765 Regulation of angiogenesis 34/742 1.42E-05 AQP1, DCN, TNMD, C3, VEGFA, THBS2, PML, PTK2B, RRAS, RUNX1, EFNA3, YJEFN3, CREB3L1, 

VEGFB, SEMA3E, FGF1, PKM, SP100, RHOB, BTG1, CTSH, ANGPTL4, F3, VEGFC, GPNMB, PGK1, 

EMILIN1, ITGB8, NPPB, CCL11, ZC3H12A, BMPER, GDF2, STAT1 

GO:0001501 Skeletal system development 48/742 7.11E-05 PRELP, LRRC17, ZNF385A, LOXL2, LOX, COL1A1, LUM, MMP2, EXTL1, RANBP3L, COL1A2, BGN, 

TGFB1, COL2A1, RARG, RUNX1, STC1, BBX, COL11A2, VKORC1, COL3A1, LTF, FGFR1, CCN4, 

HOXB9, HOXC10, PDGFC, UNCX, HOXC6, SOX9, HOXB7, INHA, HAND1, ACVR2A, ITGB8, FMN1, 

NOG, EVC, CSGALNACT1, TGFBI, WNT10B, TRPS1, TSKU, NKX3-2, GDF2, TBX15, COL10A1, 

HOXB5 

GO:0050777 Negative regulation of immune 

response 

19/742 0.000125 IL20RB, SERPING1, HLA-B, DHX58, HLA-E, IL13RA2, HLA-A, COL3A1, IFI16, LGALS3, PARP14, 

TRIM21, NLRC5, ZBTB7B, ZC3H12A, HLX, GPR17, NMI, LGALS9 

GO:0001666 Response to hypoxia 38/742 0.000152 AQP1, PLOD2, ICAM1, VEGFA, LOXL2, NOL3, BNIP3L, DDIT4, PLOD1, MMP2, PML, PTK2B, CA9, 

STC1, ALKBH5, MALAT1, EGR1, VEGFB, ALAS2, LDHA, PKM, PSME1, AK4, PSMB8, NDRG1, 

ANGPTL4, PSMB9, VEGFC, HILPDA, BAD, PGK1, ITPR1, ENO1, ERO1A, NKX3-1, CPEB1, ANKRD1, 

BNIP3 

GO:0055074 Calcium ion homeostasis 29/742 0.0416 CCL21, CAMK2N1, CASQ1, LRP1, CCL28, CD36, NOL3, PML, PTK2B, STC1, PTGFR, P2RX7, 

SLC8B1, ITPR1, CACNB3, NPFF, CSRP3, TRPM8, ATP1A2, DDIT3, CCL11, LPAR2, CCR1, GPR17, 

BDKRB2, ERO1A, DRD4, ATP2A3, BNIP3 

 



 113 

3.4.3 Decreased contractility and delayed contractile kinetics in DMD EHTs 

Given the central role of dystrophin in maintaining mechanical integrity of the cell, it was 

of interest to assess the extent to which dystrophic EHTs are able to produce contractile forces. 

After 3 weeks in culture, control and DMD 263delG EHTs were subjected to auxotonic contractility 

assessment with electrical field stimulation at 1.5 Hz via optical measurement of the deflection of 

the flexible post. It was observed that DMD 263delG EHTs had a similar baseline tension as 

control EHTs but produced significantly decreased twitch forces (Fig 3.6A-B). Accordingly, DMD 

263delG EHTs produced lower specific forces than the control EHTs when estimated cross-

sectional areas were accounted for (Fig 3.6C). DMD 263delG EHTs were also observed to have 

lower twitch power, twitch work, and shortening velocity, as compared to control EHTs, illustrating 

an overall decrease in contractile performance (Fig 3.6D-F). Normalized traces of tissue force 

(Fig 3.6G) reveal slower kinetics of contraction in DMD 263delG EHTs, which significantly 

increased the time to peak force and time to 50% relaxation (Fig 3.6H-J). Overall, these results 

indicate that the dystrophin mutation results in impaired contractile function in DMD 263delG 

EHTs. 
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Figure 3.6. Auxotonic contractile properties of DMD 263delG EHTs. (A) Average tissue force traces of control and 

isogenic DMD 263delG EHTs. (B) Calculated maximum twitch force, (C) twitch stress, (D) active twitch power, (E) and 

total twitch work of EHT contraction. (F) Normalized average tissue force trace of control and isogenic DMD 263delG 

EHTs. (G) Calculated shortening velocity, (H) time to peak, (I) time to 50% relaxation, and (J) time to 90% relaxation. 

For (A) and (F), lines represent average ± S.E.M. Data shown represent all replicates from three independent 

experiments per cell line, different symbols represent different experimental batches (Control n = 27, DMD 263delG n 

= 30). 

3.4.4 Altered sarcomere organization in DMD EHTs 

To investigate the underlying causes of impaired contractility, we performed quantitative 

image analysis of myofibril structure. Specifically, control and DMD 263delG EHTs were stained 

for Z-disk protein α-actinin, and confocal images were analyzed with custom image analysis 

scripts. We observed that both the control and DMD 263delG EHTs generated cardiomyocytes 

that had sarcomeres aligned in the longitudinal direction (Fig 3.7A). Sarcomere length was 

quantified using a scanning-gradient Fourier transform [45]. We found that control EHTs had 

significantly longer sarcomeres as compared to DMD 263delG EHTs (Fig 3.7B). However, we 
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observed no significant difference in Z-disk width between control and DMD 263delG EHTs (Fig 

3.7C). Additionally, it was observed that control and DMD 263delG EHTs had similar overall 

sarcomere alignment (Fig 3.7D). The observed shorter sarcomere spacing is consistent with the 

lower contractile forces observed in DMD 263delG EHTs.  

 

Fig. 3.7. Sarcomere structure in DMD EHTs. (A) Representative control and DMD 263delG EHTs stained for α-actinin 

(green) and nuclei (blue) from which sarcomere measurements were made. Insets show a magnified view of striated 

sarcomeres. (B) Average measured sarcomere length and (C) Z-disk width from histological images of control and 
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DMD 263delG EHTs. (D) Rose plots displaying distribution of sarcomere angles for all measured control and DMD 

263delG EHTs (n = 16). Scale bars = 50 µm. Each data point represents an average of nine images for a single EHT. 

Data shown represent all replicates from three independent experiments, different symbols represent different 

experimental batches (Control n =16, DMD 263delG n = 16). 

3.4.5 Altered calcium transients in DMD EHTs 

It was of interest to investigate the Ca2+ transients of dystrophic EHTs, as previous studies have 

pointed to Ca2+ dysregulation as a key phenotype of DMD presented in vitro [22–25, 28–31]. To 

assess the extent of Ca2+ dysregulation in DMD 263delG EHTs, the ratiometric Ca2+ dye Fura-2 

was used to assess both the kinetics of Ca2+ transients as well as the relative cytosolic Ca2+ levels 

under electrical field stimulation at 1.5 Hz. Comparing the ratiometric fluorescence intensities (Fig 

3.8A) revealed significantly higher baseline levels of cytosolic Ca2+ (Fig 3.8B) as well as higher 

peak levels (Fig 3.8C) but with a decreased amplitude of Ca2+ flux in DMD 263delG EHTs (Fig 

3.8D). Examining the kinetics of Ca2+ transients of control and DMD 263delG EHTs, normalized 

traces of cytosolic Ca2+ flux (Fig 3.8E) revealed slower time to Ca2+ transient peak in DMD 

263delG EHTs (Fig 3.8F). We observed a decreased rate to 50% and 90% Ca2+ transient decay 

in DMD 263delG EHTs (Fig 3.8G-H). While we observed some batch-to-batch variability in 

measured 365nm/380nm values, the trends remained consistent. An examination of average 

force-Ca2+ loops highlighted the elevated Ca2+ level and decreased Ca2+ transient amplitude, as 

well as the decreased twitch force in DMD 263delG EHTs (Fig 3.8I). The significantly decreased 

force- Ca2+ loop area provided further evidence toward the lower Ca2+ flux as a significant 

contributor to the reduction of force seen in DMD 263delG EHTs (Fig 3.8J). These results point 

to elevated cytosolic Ca2+ and Ca2+ transient abnormalities as key contributors to the dystrophic 

phenotype presented in vitro. 
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Fig. 3.8. Ca2+ transients of DMD 263delG EHTs. (A) Average relative cytosolic Ca2+ levels during EHT contraction as 

measured with Fura-2 AM (365nm/380nm). (B) Measured baseline, (C) peak, and (D) amplitude of relative Ca2+ level. 

(E) Normalized average Ca2+ transient traces. (F) Calculated time to peak, (G) rate to 50% Ca2+ transient decay, and 

(H) rate to 90% transient decay. (I) Average force- Ca2+ loops of control and DMD 263delG EHTs. Twitch force and 

Ca2+ transients were simultaneously captured using the movement of the flexible post as seen with Fura-2 fluorescence. 

(J) Calculated area of force-Ca2+ loops (Control n = 25, DMD 263delG n = 30). For (A) and (E), lines represent average 

± S.E.M. Data shown represent all replicates from three independent experiments per cell line, different symbols 

represent different experimental batches (Control n = 25, DMD 263delG n = 30).  
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3.4.6 Increased beat interval irregularity in DMD EHTs 

To investigate consequences of Ca2+ transient abnormalities, we next investigated 

whether previously observed increased beat interval irregularity (ΔBI) was conserved in this 

model [23, 30]. We found that DMD 263delG and control EHTs had similar average spontaneous 

beating frequencies (Fig 3.9A), but upon closer inspection of individual traces, intermittent 

irregular beats were observed to occur at a higher frequency in DMD 263delG EHTS (Fig 3.9B). 

We compared the difference between subsequent beat intervals (ΔBI = BIn+1 – BIn), which 

revealed a higher distribution of ΔBI in 263delG EHTs when distributions were compared with a 

nonparametric statistical test (Fig 3.9C). We noted that the distribution of ΔBI in the DMD 263delG 

EHTs spanned a greater time interval than the control EHTs. To highlight this difference, we 

selected a cutoff values of 1000 ms and compared the frequency with which ΔBI events exceeded 

this cutoff. This analysis revealed an increased occurrence of highly irregular events in DMD 

263delG EHTs (Fig 3.9D). All collected traces are shown in Fig 3.10. These results indicate a 

potential downstream consequence of the altered Ca2+ transients observed in DMD 263delG 

EHTs.  

 

Fig. 3.9. Spontaneous beat interval variability in DMD 263delG EHTs. (A) Spontaneous beat rate of control and 

DMD 263delG EHTs. (B) Representative traces of spontaneous EHT contraction with counted beats labeled with tick 

marks. (C) Distribution of calculated beat interval (BI) variability (ΔBI = BIn+1 – BIn) measured over 30 s of spontaneous 
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EHT contraction and (D) proportion of beats occurring with ΔBI > 1000 ms. Data shown represent all replicates from 

1–2 independent experiments, different symbols represent different experimental batches (Control n = 14, DMD 

263delG n = 11). 

 

 

Figure 3.10. Beat interval irregularity traces for control and DMD 263delG EHTs. Normalized traces of EHT 

displacement measured at the flexible post measured over 60 s of spontaneous EHT contraction. Each trace represents 

a single EHT.  

 



 120 

3.5 Discussion 

The mechanisms underlying cardiac disease initiation and progression in the absence of 

dystrophin are poorly understood, despite the prevalence of cardiomyopathy and heart failure as 

the leading cause of death for DMD patients. Thus, there is a need for human models of DMD to 

uncover the molecular drivers of cardiac pathology and to aid in the development of novel 

therapeutics. This is especially true considering recent unexpected adverse events and failure to 

meet clinical endpoints in several DMD gene therapy clinical trials currently underway [51]. 

Human-derived, 2D stem cell models have emerged as a powerful tool to study the disease 

characteristics of various DMD mutations and to test various pharmaceutical, gene editing, and 

exon skipping treatment approaches [21]. However, it is likely that 3D culture is needed to promote 

more physiological cell behavior and to better understand how the absence of full-length 

dystrophin affects tissue-level function. To address this, we developed a 3D tissue-engineered 

cardiac model of DMD and demonstrated that it recapitulates multiple key aspects of the disease 

(Fig 3.11).  

 

Fig. 3.11. Summary of proposed mechanism of observed phenotypes in DMD 263delG EHTs. 
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We observed profound differences in transcriptomic changes that occur as a result of the 

DMD 263delG mutation in EHTs as compared to hiPSC-CMs grown in 2D culture. While both 

platforms produced clear transcriptomic differences between control and DMD 263delG 

genotypes, we found that the EHT platform evoked a smaller pool of transcriptional changes much 

more relevant to cardiac biology, highlighting the improved biological relevance of this 3D model. 

When comparing control and DMD 263delG EHTs, several biological processes of interest 

emerged during GO analysis, with which we can begin to hypothesize the molecular drivers of 

the dystrophic phenotype found in subsequent analysis of this model.  

Dystrophin mutations have long been thought to cause myocyte frailty, although it is less 

understood how this affects cell contractility. In this study, we observed a decrease in auxotonic 

contractile performance in EHTs lacking full-length dystrophin. This finding is in agreement with 

previous studies performed on dystrophic hiPSC-CMs cultured as embryoid bodies [30], as well 

as 3D engineered cardiac tissues under isometric loading [25, 52]. This contractile deficit has also 

been observed in myofibrils isolated from hiPSC-CMs lacking full-length dystrophin [31], indicating 

that this phenotype is likely partially explained by changes at the sarcomere level. This notion is 

supported by our finding that while both control and DMD 263delG EHTs produced uniaxially 

aligned sarcomeres with similar Z-disk widths and sarcomere alignment, we found that DMD 

263delG EHTs had significantly shorter sarcomeres. Regarding the kinetics of EHT contraction, 

we observed that dystrophic EHTs displayed slower force development as well as relaxation 

kinetics, in accordance with what has been observed at both the single cell and myofibril level, 

where isolated myofibrils from hiPSC-CMs lacking full-length dystrophin were found to have a 

slower fast phase of relaxation [31]. The delayed relaxation kinetics observed in this study 

replicate the diastolic dysfunction known to be one of the initial clinical phenotypes observed in 

patients with DMD [53].  
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The contractile phenotype observed is further supported by our transcriptomic results, in 

which we observed upregulation of processes related to heart development and cardiomyocyte 

differentiation in DMD 263delG EHTs, including increased expression of MYH6, which has been 

shown to be a marker of hiPSC-CM immaturity and could also be a contributor to the observed 

decrease in contractile forces [54, 55]. DMD 263delG EHTs also displayed downregulation of 

genes related to extracellular matrix deposition and organization (several collagen genes, MMP2, 

LOX, LOXL1, LOXL2), which point to a potential inability of DMD 263delG hiPSC-CMs to exert 

their internal forces on the external environment, which could contribute to the observed decrease 

in EHT contractile forces.  

Increased cytosolic Ca2+ levels and aberrant Ca2+ handling are thought to be key 

contributors to mechanisms of dystrophic pathology in patients. Here, for the first time, we 

examine the Ca2+ transients of dystrophin-mutant hiPSC-CMs in 3D culture, moving us closer 

toward understanding the role of dystrophin in mediating Ca2+ handling at the tissue level. We 

found that DMD 263delG EHTs had higher resting Ca2+ levels with a smaller amplitude of Ca2+ 

flux and delayed Ca2+ transient kinetics. Higher cytosolic Ca2+ [23, 24, 28] and slowed Ca2+ 

transient kinetics [22, 25, 29–31] have been previously observed in 2D cultured dystrophin-

deficient hiPSC-CMs. It is thought that increased cytosolic Ca2+ in dystrophic myocardium can 

arise from multiple sources, including membrane tears [56] and stretch-activated channels [57], 

and can be worsened by hyper-phosphorylation of Ca2+ channels [58] and a leaky sarcoplasmic 

reticulum due to increased ryanodine receptor open probability [59]. The observed increase in 

baseline cytosolic Ca2+ and decreased amplitude of Ca2+ flux in DMD 263delG EHTs are likely 

contributors to the observed contractile deficiencies and delayed contractile kinetics. As Ca2+ 

overload has been shown to mediate cardiac arrythmias [60, 61], and previous studies have 

shown dystrophin-deficient hiPSC-CMs to have increased spontaneous beat rate variability [23, 

27, 30], we adapted a multi-electrode array method of assessing beat rate variability to assess 



 123 

arrhythmogenicity in this 3D model of DMD [44]. We observed that spontaneously contracting, 

dystrophic EHTs had a higher incidence of irregular beats, which we propose may be caused by 

the observed elevated cytosolic Ca2+. To the best of our knowledge, this is the first time this 

dystrophic beat interval irregularity phenomenon has been observed in a 3D in vitro model. 

The Ca2+ transient results are further supported by our transcriptomic data, which showed 

that DMD 263delG EHTs exhibited downregulation (CASQ1) and upregulation (PLN, RYR2) of 

genes related to sarcoplasmic reticulum function, which suggest decreased Ca2+ storage in the 

sarcoplasmic reticulum. Additionally, DMD EHTs displayed increased expression of genes related 

to excitation-contraction coupling and regulation of membrane potential (SCN5A, CACNA1G, 

CACNA1C) which, could point toward membrane hyper-excitability and increased Na+ and Ca2+ 

currents causing prolongation of action potentials and increased incidence of early after 

depolarizations. Taken together, these results support the potential for electrophysiological 

remodeling that occurs as a consequence of, or as a compensatory mechanism in the absence 

of full-length dystrophin and thus help explain the observed elevated cytosolic Ca2+ levels, 

delayed Ca2+ transients, and increased beat rate variability.  

Of note, it appears that sufficient cellular maturation may be required to expose this Ca2+ 

transient phenotype, as our group has found that dystrophic hiPSC-CMs displayed elevated Ca2+ 

levels, but only when exposed to a combination of maturational cues [23]. Additionally, others 

have observed that the elevated Ca2+ levels were exacerbated when dystrophic hiPSC-CMs were 

exposed to mechanical stretch [28]. These findings suggest that the EHT platform provides 

sufficient maturational cues and mechanical loading necessary to expose this Ca2+ transient 

phenotype that is thought to be central to DMD pathology. In this study, our specific DMD 

truncating mutation allows us to study the effect of protein structure on Ca2+ transients. Our model 

displays Ca2+ transient abnormalities despite retaining much of the dystrophin protein except for 

a portion of the actin-binding domain, illustrating a novel link between the mechanical cues 
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provided by the full-length protein structure and Ca2+ handling. Additionally, this is the first time 

that a dystrophic Ca2+ handling defect has been shown in a 3D in vitro model, which is a significant 

step in advancing the clinical relevance of stem cell-derived disease models of DMD. 

Studies in mdx mice have provided insight into mechanisms of DMD pathology, as they 

recapitulate some clinical aspects of DMD. While used extensively to study skeletal muscle 

pathology, the utility of this model to study dystrophic cardiomyopathy is greatly limited as this 

model displays few clinical signs of cardiomyopathy until old age or in the presence of multiple 

knockouts for dystroglycan complex proteins [17], highlighting the need for humanized models of 

dystrophic cardiomyopathy. Our study revealed decreased force production with slowed kinetics 

in dystrophic EHTs. Similarly, a study performed with young mdx mice revealed decreased force 

production by isolated papillary muscles in addition to impaired myosin function as evidenced by 

in vitro motility [14]. Additionally, cardiomyocytes isolated from mdx mice display elevated 

cytosolic Ca2+, although this phenotype only emerges in older mice (9-12 months) [4, 62, 63], 

whereas our EHT platform was able to recapitulate this finding in three weeks. It is intriguing to 

consider that a human model such as the one described herein may help in bridging the gap 

between animal models and clinical trials in the development of therapeutics to treat DMD. 

This study has illustrated the power of a 3D in vitro model to recapitulate a variety of 

disease-relevant phenotypes in a single simple and highly tunable platform. To our knowledge, 

this is the first study to provide such an in-depth description of a hiPSC-derived dystrophic 

phenotype in a 3D, tissue engineered model. In this EHT platform, the readout of force production 

provides a functional means by which to assess the extent of overall dystrophic cardiac 

dysfunction, as the observed Ca2+ dysregulation and impaired sarcomere structure as well as 

unexplored potential deficiencies in mitochondrial function and nitric oxide signaling likely 

contribute to this observed reduction in contractile force. To this end, force production can be 

viewed as the integration of overall cardiac dysfunction, suitable for preclinical screening 
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applications. Having established the disease phenotype presented in this study, future studies 

will be able to use this platform to investigate the mechanisms underlying DMD pathology and 

test emerging therapies in a physiologically-relevant platform. The contribution of Ca2+ overload 

to the contractile deficiencies in dystrophic EHTs can be investigated through the use of Ca2+ 

channel blockers or membrane sealants, as has been shown in previous in vitro studies [23, 24]. 

Exon-skipping [26, 64] and gene editing [29, 65–67] have been shown to restore dystrophin 

expression in 2D hiPSC-CMs and limited studies have shown recovery of force of contraction in 

3D engineered cardiac tissues [25, 52], but these studies have fallen short of describing a robust 

functional recovery in vitro. Through the studies described herein, we have made significant 

progress toward the development of a human-derived model of dystrophic cardiomyopathy. 

3.6 Conclusions 

Our ability to efficiently study DMD pathophysiology and develop emerging therapies is 

limited by the lack of functional in vitro, human disease models. In this study, we generated 3D, 

human engineered heart tissue as a model of DMD and described the transcriptional changes 

and multifaceted disease phenotype presented. Stem cell-derived cardiomyocytes lacking full-

length dystrophin, when cast into EHTs, were shown to display decreased force production and 

slowed kinetics, accompanied by decreased sarcomere lengths. For the first time, we examined 

Ca2+ transients in a 3D in vitro model of DMD and found that dystrophic EHTs had elevated 

baseline cytosolic Ca2+ levels with slowed Ca2+ release and reuptake. Lastly, we observed 

increased beat interval irregularity in dystrophic EHTs. Taken together, we present the value of a 

3D tissue-engineered model of DMD in that it can replicate a variety of dystrophic phenotypes 

while providing a platform for assessment of overall cardiac function, something unattainable with 

most traditional tissue culture methods. Future studies will further uncover the mechanisms 

underlying the dystrophic phenotypes observed as well as explore the translational potential of 

this in vitro platform as a preclinical model of dystrophic heart disease.  
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Chapter 4. Human engineered heart tissues as a preclinical testing 

platform for AAV-microdystrophin gene therapies 

4.1 Abstract 

Miniaturized microdystrophin (μDys) gene therapies delivered by adeno-associated virus 

(AAV) have emerged as promising treatments for Duchenne muscular dystrophy (DMD). 

However, preclinical studies have focused largely on skeletal muscle rescue, despite the 

significant prevalence of cardiomyopathy as the leading cause of death in DMD. This is due to 

the lack of a severe cardiac phenotype presented in commonly used in vivo models as well as 

the slower progressing nature of cardiac decline in human patients. To address this, improved in 

vitro models of dystrophic cardiomyopathy are needed. Previously, we have developed 

engineered heart tissues (EHTs) from dystrophic human induced pluripotent stem cell-derived 

cardiomyocytes (hiPSC-CMs), and have demonstrated that dystrophic EHTs reproduce key 

phenotypes of DMD in vitro. Here, we have further developed a miniaturized EHT (mEHT) 

platform amenable to higher-throughput screening for preclinical testing of μDys gene therapies. 

Using this platform, we have demonstrated that DMD mEHTs display a hypocontractile phenotype 

and that mEHTs are amenable to efficient AAV transduction. Through these experiments, we 

have demonstrated the relevance of EHTs as a preclinical model of DMD and future studies will 

evaluate the effect of various μDys gene therapies.  

4.2 Introduction 

Duchenne muscular dystrophy (DMD) is currently an incurable degenerative neuromuscular 

disease and available treatments are palliative only, focusing on slowing disease progression and 

managing symptoms rather than addressing underlying disease pathology. Significant efforts 
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have been devoted to the development of adeno-associated viral vector (AAV) delivery of 

truncated microdystrophins (μDys), which promise a one-size-fits all approach to treating DMD 

by restoring functional dystrophin expression [1]. While the beneficial effects of AAV-μDys gene 

therapy on skeletal muscle function has been demonstrated extensively, much less is known 

about the effects of μDys on cardiac function. As cardiomyopathy contributes significantly to 

patient morbidity and mortality, further studies are warranted. 

Three AAV-μDys vectors are currently under clinical trial, and while some positive results have 

been reported, there have also been unexpected adverse events and failure to meet clinical 

endpoints [2]. There are concerns regarding vector design, as there are seemingly endless 

possible combinations of μDys genes, promoters, and AAV capsids. Notably, AAV capsid library 

screening resulted in the identification of AAVMYO, a synthetic AAV9 variant with greatly 

improved muscle tropism and expression levels [3]. Additionally, screening of eight μDys designs 

identified μDys5, a variant including a syntrophin-binding domain that localizes neuronal nitric 

oxide synthase to the dystroglycan complex, resulting in increased functionality over previous 

iterations that is currently being evaluated in one clinical trial [4]. Studies currently underway have 

developed a further panel of μDys variants that are predicted to further improve cardiac 

functionality. Given all of these potential variations, there is a need for preclinical models of DMD 

for improved screening of novel therapeutics. 

The preclinical models used to study DMD are hampering the progress of novel treatment 

development. The commonly used mdx mouse displays only mild symptoms of DMD, and this 

lack of severe phenotype is particularly true for presentation of cardiomyopathy [5, 6]. Many 

studies have shown that AAV-μDys is capable of robust, systemic muscle delivery and expression 

in addition to correction of dystrophic skeletal muscle phenotypes in mdx mice [4, 7–11]. However, 

when cardiac function has been assessed, μDys was shown to only partially improve cardiac 

hemodynamics and electrocardiogram profiles [10, 12, 13]. Even when larger, more relevant 



 137 

canine or rat models are used, these experiments lack human physiology and can take up to 12-

months before relevant timepoints in disease progression are met [14, 15]. Thus, there is a need 

to develop fully-human, in vitro cardiac models of DMD capable of producing relevant output 

measures of cardiac function. 

Human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) have been shown 

to reproduce many phenotypes of DMD in vitro [16]. Previously, we presented how a 3D 

engineered heart tissue (EHT) model of DMD replicates many of these key disease phenotypes, 

while providing a more biomimetic microenvironment and facilitating functional measures of 

cardiac function [17]. Here, we describe the development of a 96-well miniaturized EHT (mEHT) 

platform capable of higher throughput screening. We have demonstrated that mEHTs made from 

dystrophin-deficient hiPSC-CMs display a decrease in contractile function. Additionally, we have 

shown that hiPSC-CMs and mEHTs are amenable to efficient AAV transduction and transgene 

expression. Future studies will use the mEHT platform to evaluate the effect of μDys on DMD 

mEHT function while evaluating the efficiency of AAV capsid and μDys vector variants. The 

studies described will be the first to assess μDys function in an engineered DMD hiPSC-CM 

platform, and among the first studies in evaluating several novel μDys vectors not previously 

described. 

4.3 Methods 

4.3.1 Vector cloning and virus production 

The vectors used in this study were AAV6-cba-dsRed and AAV6-CK8e-μDys5. All AAVs 

were generated using standard cloning techniques as previously described [4]. To generate 

AAVs, µDys5 or dsRed cDNA were inserted into pAAV plasmid containing the muscle-specific 

creatine kinase 8 (CK8) regulatory cassette or cba expression cassette, respectively, and small 

synthetic polyA flanked by two AAV serotype 2 inverted terminal repeats (ITRs) [4]. Using a 
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calcium phosphate solution, the final pAAV plasmids were co-transfected with the pDG6 

packaging plasmids (containing the AAV Rep and Cap genes) into HEK293 cells to generate 

recombinant AAV2/6 vectors [3]. AAV6 capsids were purified via heparin-affinity chromatography. 

All AAV preps were concentrated using sucrose gradient centrifugation. Finally, the viral titers 

were determined by Southern analyses and qPCR. 

4.3.2 Maintenance of hiPSC lines and cardiac differentiation 

A urine-derived hiPSC line from a healthy male donor (control) was established as 

previously described [18]. An isogenic dystrophin-null hiPSC line was generated from control 

hiPSCs using CRISPR-Cas9 as previously described, resulting in the deletion of exon 45 and a 

17 base pair deletion in exon 54 as confirmed by DNA sequencing [19]. Undifferentiated hiPSCs 

were maintained in mTeSR-Plus (Stemcell Technologies) on tissue culture plates coated with 

Matrigel (Corning).  

Cardiomyocyte directed differentiation was performed using a small-molecule protocol to 

modulate Wnt signaling. Briefly, hiPSCs were dissociated using Versene and seeded at 1.5 – 2.5 

´ 105 cells/cm2 on Matrigel-coated plates in mTeSR-Plus with 10 µM Y-27632 ROCK inhibitor 

(Tocris). The following day, media was changed to mTeSR-Plus supplemented with 1 µM Chiron 

99021 (Axon Medchem). Differentiation was initiated 24 h later (day 0), by changing media to 

RPMI 1640 (Gibco) plus B-27 supplement minus insulin (Life Technologies) and 10 µM Chiron 

99021 (Axon Medchem). On day 2 of differentiation, media was changed to RPMI with B-27 minus 

insulin and 7.5 µM IWP-2 (Selleck Chemicals). On day 4, media was changed to RPMI with B-27 

minus insulin. On day 6, media was changed to RPMI with B-27 supplement (with insulin) and 

media was subsequently changed every 2 days. On day 10, hiPSC-CMs were replated into 6-well 

dishes for lactate enrichment. On days 12 and 14, media was changed to DMEM without glucose 

(Gibco) supplemented with 4 mM sodium L-lactate (Sigma-Aldrich) to enrich for cardiomyocytes. 
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Cells were returned to RPMI with B-27 supplement plus insulin on day 16 and cultured until day 

25-27. 

4.3.3 Miniaturized EHT platform 

We developed a miniaturized EHT (mEHT) platform similarly to our previously described 

24-well EHT system [17, 20], made to fit in one row of a standard 96-well cell culture dish. Four-

part acrylic molds were manufactured by the University of Washington Department of Mechanical 

Engineering machine shop, designed to generate 12 pairs of square posts measuring 0.9 mm 

width (w) and 10.5 mm in length (L), spaced 3.8 mm apart. Posts were fabricated by pouring 

uncured polydimethylsiloxane (PDMS, Sylgard 184 mixed at a 10:1 ratio of base to curing agent) 

into the acrylic molds with a small glass capillary tube inserted into one post of each pair to make 

it rigid. Posts were left to cure at room temperature for 24 h then baked at 65 °C overnight to cure 

completely before being separated from the mold. Prior to EHT casting, PDMS posts were 

submerged in 70% ethanol for 10 min, rinsed with sterile deionized water for 10 min, then UV 

sterilized for 10 min. The bending stiffness (K) of the flexible post in each pair was calculated to 

be 0.354 µN/µm using a modulus of elasticity (E) of PDMS of 2.5 MPa with the equation below, 

as previously described [21, 22].  

! =	$ × &
!

4("  

mEHTs were cast on day 20-25 of cardiac differentiation using a similar protocol as 

previously described [23]. Briefly, rectangular 2% agarose casting molds were prepared in 96-

well tissue culture plates using 3D-printed spacers. Each rack of PDMS posts was positioned 

upside down with the tips of posts centered in the agarose wells. A solution of 20 µL volume 

consisting of 1.5 ´ 105 hiPSC-CMs and 1.5 ´ 104 HS27a human bone marrow stromal cells 

(ATCC) in RPMI with B-27 with 5 mg/mL bovine fibrinogen (Sigma-Aldrich) and 3 U/mL thrombin 

(Sigma-Aldrich) was pipetted into each agarose well. The mixture was incubated at 37 °C for 60 
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min to form mEHTs suspended between pairs of posts and then transferred into a new 96-well 

plate with EHT media (RPMI with B-27 supplemented with 5 mg/mL aminocaproic acid, Sigma-

Aldrich) for culture. After 48 hours, mEHTs were switched to a high-Ca2+ media consisting of a 

base mix of 25% RPMI and 75% DMEM with glucose, supplemented with 2% B27 supplement 

and 5 mg/mL aminocaproic acid (HC-EHT media). HC-EHT media was exchanged every 2-3 

days. 

4.3.4 hiPSC-CM and mEHT transduction 

For AAV transduction of cells in 2D, lactate-enriched hiPSC-CMs were harvested at least 

30 days after differentiation. Cells were mixed with the appropriate volume of AAV6-cba-dsRed 

or AAV6-CK8e-μDys5 (multiplicity of infection, MOI = 1 ´ 104 – 1 ´ 106) in RPMI with B-27 

supplemented with 10 µM Y-27632 ROCK inhibitor. Cells and virus were replated at 5 ´ 104 cells 

per well in 50 µL for 96-well plates or 3 ´ 105 cells per well in 250 µL for 24-well plates. 24 h after 

seeding, an equal volume of RPMI with B-27 supplement was added to each well. Media was 

exchanged 48 h later, resulting in a 72-h total incubation period with virus.  

For AAV transduction of mEHTs, AAV6-cba-dsRed or AAV6-CK8e-μDys5 was added after 

mEHTs had begun to visibly contract (≥ 7 days after casting). The appropriate volume of AAV6-

cba-dsRed (MOI = 1 ´ 104 – 1 ´ 106) was suspended in 100 µL of EHT media per well. mEHTs 

were incubated with virus for 24 h, after which another 100 µL of EHT media was added per well. 

Media was exchanged 48 h later, resulting in a 72 h total incubation period with virus.  

4.3.5 Contractile force measurement 

mEHTs were imaged either in EHT media or Tyrode’s buffer (1.8 mM CaCl2, 1 mM MgCl2, 

5.4 mM KCl, 140 mM NaCl, 0.33 mM NaH2PO4, 5 mM glucose, pH 7.35), as indicated, at 37 °C 

for contractile analysis. A custom pacing apparatus with carbon electrodes built to fit a 96-well 

plate was used with an electrical stimulator (Astro Med Grass Stimulator, Model S88X) to provide 
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biphasic field stimulation at 1 Hz (5 V/cm for 10 ms duration) during imaging. Videos of EHT 

contraction were taken at 66.7 frames per second using an ORCA-Flash4.0 C13440 CMOS 

camera (Hamamatsu) on a Nikon TEi epi-fluorescent microscope with a 2´ objective and 0.7´ 

coupler, providing 4.64 µm/pixel resolution and a field of view of 9.5 mm ´ 9.5 mm, which was 

sufficient to visualize the full length of the mEHTs. A custom MATLAB script was used to track 

the deflection of the flexible post relative to the rigid post and from this analysis, we calculated 

twitch force, shortening velocity, time to peak, time to 50% and 90% relaxation, active twitch 

power, and total twitch work, as previously described [22, 24]. EHT cross-sectional area and 

specific force were calculated assuming an elliptical cross section with a measured tissue width 

and conservatively estimated thickness of 100 µm. For each mEHT, analysis was performed on 

five consecutive contractions.  

4.3.6 Immunocytochemistry and fluorescence imaging 

To assess AAV6-cba-dsRed expression in situ, hiPSC-CMs and mEHTs were imaged on 

a Nikon TEi epi-fluorescent microscope at 37 ºC with a TRITC filter cube. Average pixel intensity 

was calculated in FIJI as the integrated density divided by the area of the region of interest (ROI). 

For hiPSC-CMs in 96-well plates, the ROI was the entire area of the well and for mEHTs the ROI 

was the tissue area between the posts. mEHTs were processed for histology as previously 

described [20]. Briefly, mEHTs were submerged in 140 mM KCl for 1 min to induce EHT 

relaxation. For analysis of μDys expression, mEHTs were then directly embedded in O.C.T. 

compound and frozen with liquid nitrogen-cooled isopentane. For analysis of dsRed expression, 

mEHTs were fixed in 4% paraformaldehyde in PBS for 20 min and dehydrated in 30% w/v sucrose 

overnight at 4 ºC prior to embedding in O.C.T. compound and freezing. Transverse cryosections 

of 20 µm thickness were used for histology. Sections were blocked and permeabilized with 1% 

BSA and 0.1% Triton X-100 for 30 min at room temperature, followed by overnight incubation at 

4 °C with mouse primary antibodies against α-actinin (Sigma-Aldrich A7811, 1:800) or dystrophin 
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(Leica NCL-DYS1, 1:30). The following day, sections were incubated with donkey anti-mouse 

Alexa Fluor 488, Alexa Fluor 594 phalloidin (Invitrogen, 1:300), and Hoechst 33342 (1:2000) for 

1 hour at room temperature. Cover slides were mounted with Fluoromount-G (SouthernBiotech). 

Images were taken on a Nikon TEi epi-fluorescent microscope or Leica SP8 confocal microscope. 

Average pixel intensity was calculated using FIJI by measuring the integrated density per pixel 

area in regions of interest.  

4.3.7 Immunoblotting 

Protein lysates were obtained from hiPSC-CMs using an ice-cold RIPA buffer 

supplemented with 2% protease inhibitor cocktail (Sigma P8340). Samples were lysed on ice for 

30 min, then spun down at 21,000 g for 10 min at 4 ºC. The supernatant was isolated and protein 

concentration was measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) 

according to manufacturer’s instructions. Protein samples were stored at -80 ºC.  

Samples were prepared for electrophoresis by adding 4´ Laemmli Sample Buffer (Bio-

Rad) and 2.5% β-mercaptoethanol, after which samples were denatured at 95 ºC for 10 min. 

Protein was loaded into 4–15% Mini-PROTEAN TGX Stain-Free Gel at 30 µg per sample and run 

at 100 V for 60 min in 1´ Tris/Glycine/SDS running buffer (Bio-Rad). Protein gels were transferred 

onto Immun-Blot LF PVDF membranes (Bio-Rad) overnight at 30 V and 4 ºC in 1´ Tris/Glycine 

buffer (Bio-Rad) with 10% methanol. Membranes were blocked in Blocker FL Fluorescent 

Blocking Buffer (Thermo Fisher Scientific) for 1 hour at room temperature. Primary antibodies 

against dystrophin (DSHB MANEX1011B(1C7) concentrate 1:200), β-actin (sigma A5441, 

1:5000), and GAPDH (Sigma SAB4300645, 1:1000) were diluted in blocking buffer and incubation 

was performed overnight at 4 ºC with agitation. Membranes were washed three times for 5 min in 

TBS-T at room temperature, then incubated for 1 hour at room temperature with species-matched 

AlexaFluor-conjugated secondary antibodies (Invitrogen, 1:1000) diluted in blocking buffer with 
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agitation. Membranes were again washed three times for 5 min in TBS-T before imaging on a 

ChemiDoc MP imaging system (Bio-Rad).  

4.3.8 Replicates and statistical analysis 

All values are reported as mean ± standard error of the mean unless indicated otherwise. 

Results were compared using an unpaired, two-tailed t-test unless indicated otherwise and 

differences with a p-value < 0.05 were considered statistically significant as indicated with 

asterisks. 

4.4 Results 

4.4.1 Development and optimization of a miniaturized EHT (mEHT) platform 

While we have shown that EHTs recapitulate many dystrophic phenotypes after only three 

weeks in culture, the 24-well platform used requires 0.5–1 million hiPSC-CMs per EHT, which is 

relatively resource intensive for screening experiments [17]. Thus, we have developed a 96-well 

mEHT platform suitable for higher-throughput experiments (Fig 4.1A). Similarly to our larger EHT 

platform, mEHT twitch force can be measured from the displacement of the flexible post and Ca2+ 

transients can be measured using fluorescent Ca2+ indicator dyes (Fig 4.1B-C). These mEHTs 

require only one-fifth of the cells and as little as one-tenth of the culture volume as compared to 

the 24-well EHT platform (Fig 4.1.D-E). While the mEHTs produce lower twitch forces, preliminary 

studies indicate that the average twitch force per hiPSC-CM in the two platforms is similar (~0.2 

nN per hiPSC-CM). 

The smaller size and reagent requirements of the mEHT platform lends itself to 

optimization as well as screening assays. We first optimized the cellular content of an mEHT. The 

optimal EHT contains enough cells to generate strong contractions, but not too many such that 

the EHT rips from the posts before desired timepoints are made. The ratio of stromal cells to 

cardiomyocytes can also play a role in this balance. We designed an experiment based on 
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response surface methodology to test stromal cell amounts in the range of 1–2 x 104 cells/mEHT 

and hiPSC-CMs in the range of 1–2 x 105 cells/mEHT. We then generated mEHTs from control 

hiPSC-CMs and cultured them for three weeks. We found that generally, more cells produced 

higher twitch forces, as expected (Fig 4.1F). However, when comparing mEHT survival, we found 

that the mEHTs with the higher cell numbers were more likely to break before the three-week 

timepoint (Fig 4.1G). Ultimately, we chose 1.5 x 104 stromal cells and 1.5 x 105 hiPSC-CMs as 

the optimal seeding density per mEHT that produces high twitch forces while retaining mEHT 

integrity over the culture period.  
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Figure 4.1. Development of a miniaturized EHT platform. (A) Schematic of an mEHT that fits in a standard 96-well 

culture dish. (B) Representative mEHT twitch force trace. (C) Representative mEHT Ca2+ transient acquired using Fluo-

4 AM. (D) Side-by-side comparison of 24-well EHT and 96-well mEHT platforms and (E) required reagents, post 

stiffness, and measured outputs. (F) Twitch forces produced by mEHTs with varying numbers of hiPSC-CMs and 

stromal cells per mEHT. (G) Proportion of mEHTs surviving after 3 weeks in culture as a function of cell density. 
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4.4.2 Characterization of dystrophin-null hiPSC-CMs and mEHTs 

We previously generated a dystrophin-null hiPSC line (DMD) [19]. This line was generated 

from the control hiPSC line by a CRISPR-Cas9-targeted deletion of exon 45 and 17 bp deletion 

from exon 54. Exon 45 deletion is the most common deletion affecting patients and produces an 

out-of-frame mutation and premature stop codon [25]. The 17 bp deletion in exon 54 also 

produces a premature stop codon. We detected no dystrophin protein in DMD hiPSC-CMs by 

western blot; however, both control and DMD hiPSC-CMs express β-dystroglycan, another key 

member of the dystroglycan protein complex (Fig 4.2A). We generated mEHTs from control and 

DMD hiPSC-CMs, both of which formed compacted tissues that contracted synchronously (Fig 

4.2B). We further confirmed the lack of dystrophin expression in DMD mEHTs by 

immunofluorescence staining of mEHT cross-sections (Fig 4.2C).   

 Functional analysis of control and DMD mEHTs after three weeks in culture revealed a 

similar hypocontractile phenotype as observed previously with our larger EHT platform (Fig 4.2D) 

[17]. When paced at 1 Hz, DMD mEHTs produced significantly lower twitch force and specific 

force as compared to isogenic controls. This resulted in significantly lower active twitch power 

and total twitch work in DMD mEHTs. Regarding contractile kinetics, DMD mEHTs had similar 

time to peak as control mEHTs, but had a lower maximum contractile velocity. mEHT relaxation 

was impaired as well, with DMD mEHTs trending toward a delayed time to 50% relaxation and a 

significantly slower time to 90% relaxation. Thus, this mEHT platform is capable of generating a 

hypocontractile dystrophic phenotype as previously described [17]. 
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Figure 4.2. Dystrophin-null mEHTs display a hypocontractile phenotype. (A) Western blot for dystrophin, β-

dystroglycan, and GAPDH expression in control and DMD hiPSC-CMs. (B) Representative images of compacted 

control and DMD mEHTs (scale bar = 1 mm). (C) Immunofluorescence images of cross sections of control and DMD 

mEHTs stained for F-actin (red), dystrophin (green), and nuclei (blue) (scale bar = 50 µm). (D) Measured metrics of 

control and DMD mEHT contractility derived from videos of mEHT contraction while paced at 1 Hz. Each data point 

represents an individual EHT. * Indicates P ≤ 0.05, ** indicates P ≤ 0.01, *** indicates P ≤ 0.001.  
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4.4.3 Efficient AAV transduction of hiPSC-CMs  

AAV vectors have proven to be the in vivo delivery method of choice for μDys gene 

therapies, and previous studies have demonstrated efficient transduction of hiPSC-CMs with 

AAVs [26, 27]. It has also been demonstrated that EHTs can be transduced with AAV when AAV 

is added into the EHT reconstitution mixture prior to casting [28]. However, a thorough analysis 

of EHT transduction efficiency is lacking and in situ AAV transduction of intact, contracting EHTs 

has not been demonstrated.  

We first assessed efficiency of transduction in control hiPSC-CMs in 2D culture using an 

AAV6 encoding a fluorescent dsRed protein under the constitutively active 

cytomegalovirus/chicken β-actin (CBA) hybrid promoter (AAV6-cba-dsRed). Control hiPSC-CMs 

were transduced with AAV-cba-dsRed during replating at three doses (MOI = 1 ´ 104, 1 ´ 105, 

and 1 ´ 106). We observed efficient transduction of hiPSC-CMs and dose-depended expression 

of dsRed (Fig 4.3A-B). AAV expression was detected as early as three days after transduction 

and remained for several weeks.  

 

Figure 4.3. Expression of AAV-dsRed in hiPSC-CMs. (A) Representative fluorescent images of hiPSC-CMs 

transduced with AAV6-cba-dsRed shown 3-, 6-, and 8-days post transduction. (B) Quantification of average pixel 



 149 

intensity of hiPSC-CM images as a measure of dsRed expression. Asterisks indicate statistically significant differences 

as compared to MOI = 0 control (n = 3, analyzed by paired two-way ANOVA and Tukey’s HSD test). Scale bar = 1 mm. 

4.4.4 In situ transduction of mEHTs 

Next, we explored whether efficient transduction of mEHTs was feasible, as this 

transduction paradigm more closely recapitulates the clinical administration of AAV gene 

therapies. We first attempted to add AAV-cba-dsRed into the mEHT reconstitution mixture during 

casting as demonstrated in other studies, but while these mEHTs demonstrated robust dsRed 

expression, these mEHTs remained non-contractile throughout the culture period (not shown). 

We hypothesize that this might be due to cytotoxicity of the AAV capsid. We subsequently 

attempted to transduce intact mEHTs 13 days after casting that had already started to contract 

(MOI = 1 ´ 104, 1 ´ 105, 1 ´ 106). We observed robust and dose-dependent dsRed expression 

following transduction (Fig 4.4A-B). AAV-cba-dsRed was well tolerated by the cells as 

transduction did not have an effect on mEHT contraction force during the 3 days following 

transduction (Fig 4.4C). Transverse sections of transduced mEHTs demonstrated that AAV-cba-

dsRed was able to reach the entire volume of the mEHT, and here again we observed a dose-

dependent increase in transduction efficiency (Fig 4.4D-E). Ultimately, this in situ transduction 

scheme is of greater clinical relevance, as in vivo transductions are performed on fully-formed, 

contractile muscle tissue that has already developed a disease phenotype. 
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Figure 4.4. In situ AAV transduction of mEHTs. (A) Representative fluorescent images of mEHTs transduced with 

AAV6-cba-dsRed 3 days post transduction. Scale bar = 1 mm. (B) Quantification of average pixel intensity of mEHT 

images 3 days post transduction as a measure of dsRed expression. Each data point represents an individual mEHT. 

(C) Measured twitch forces of mEHTs before and after AAV6-cba-dsRed transduction (n = 4). No statistically significant 

differences between dosages were detected by a paired two-way ANOVA with Tukey’s HSD test. (D) Representative 

cross-sectional images of dsRed-transduced mEHTs stained for α-actinin. Scale bars = 100 µm. (E) Area of mEHT 

cross-sections positively expressing dsRed (n = 2). Bars indicate statistical significance (p < 0.05) as measured by one-

way ANOVA with Tukey’s HSD test. 
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4.4.5 AAV-μDys expression in hiPSC-CMs 

AAV vectors encoding μDys proteins have been used extensively in animal models and 

now in human clinical trials. However, μDys protein expression has not previously been 

demonstrated in hiPSC-CMs. DMD hiPSC-CMs were transduced with an AAV6 encoding μDys5 

under a muscle-specific creatine kinase 8 (ck8e) promoter (AAV6-ck8e-μDys5) during replating 

at three dosages (MOI = 1 ´ 104, 1 ´ 105, and 5 ´ 105) [4]. In previous experiments, μDys5 

expression was not observed 14 days after transduction (not shown), which is consistent with 

increased time to μDys expression observed in murine models. Further experiments 

demonstrated consistent, dose-dependent expression of AAV6-ck8e-μDys5 between 14- and 28-

days post transduction (Fig 4.4). Of note, it appears that μDys5 protein expression exceeds the 

amount of full-length dystrophin expressed in the normal control.  

 

Figure 4.5. Expression of AAV-μDys in hiPSC-CMs. Western blot detecting full-length dystrophin (427 kDa) and 

μDys-5 (147 kDa) expressed by control (WT) or DMD hiPSCs after transduction of AAV6-ck8e-μDys5 at MOI = 0, 1 ´ 

104, 1 ´ 105, and 5 ´ 105.  

4.5 Discussion 

Despite exciting advances in AAV-μDys gene therapies for the treatment of DMD and their 

demonstrated ability to rescue skeletal muscle function [4, 7–11], comparatively little is known of 

their cardioprotective effects, with some studies finding only partial rescue of cardiac function [10, 
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12, 13]. This is, in part, due to the lack of severe cardiac phenotypes presented by commonly 

used preclinical mouse models. To address this, we have developed a fully human, in 3D EHT in 

vitro model of dystrophic cardiomyopathy. In a previous study, we demonstrated that EHTs 

expressing a truncated dystrophin protein display several key phenotypes of DMD [17]. Here, we 

further developed a 96-well mEHT platform that is more suitable for higher throughput screening. 

Dystrophin-null mEHTs were shown to display a hypocontractile phenotype similar to our previous 

study. In the studies described herein, we validated the utility of this mEHT platform as a 

preclinical model for evaluation of AAV-μDys gene therapies. 

 Efficient transduction of hiPSC-CMs with AAV has been demonstrated previously and is 

currently being used extensively due to its high efficiency and relatively low toxicity [27]. In keeping 

with prior studies, here we demonstrated efficient and dose-dependent expression of fluorescent 

reporter dsRed and μDys5 delivered to hiPSC-CMs by AAV6. And while systemic AAV 

administration is performed clinically, AAV gene delivery to intact, beating engineered cardiac 

tissues had not yet been demonstrated, as previous studies have only transduced cardiomyocytes 

before generating EHTs or have added AAV to the cell mixture while casting EHTs [28, 29]. Here, 

we found that intact, beating mEHTs were easily transduced with AAV-cba-dsRed with MOI as 

low as 1 ´ 104. We hypothesize that this enhanced efficiency as compared to prior studies is due 

to the smaller size of the 96-well mEHTs with allows for easier diffusion throughout the tissue 

volume as well as the proximity of the mEHTs to the bottom of the tissue culture dish, which allows 

for the vector to be concentrated in 100 µL for the first 24 hours following transduction. This 

administration scheme improves the comparison of treated and untreated controls while also 

allowing for the observation of functional rescue following transgene delivery.  Ultimately, this 

advancement further improves the utility of mEHTs as a preclinical testing platform in the gene 

therapy space.   
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Of the newly emerging DMD treatments, AAV-μDys gene replacement therapy is of great 

interest for its ability to restore expression of a miniaturized, yet functional, dystrophin protein, 

regardless of the patient’s underlying mutation. At the time of this writing, there are three active 

AAV-μDys human clinical trials underway in the United States (Pfizer ClinicalTrials.gov identifier 

NCT03362502, Sarepta Therapeutics NCT03375164, and Solid Biosciences NCT03368742), 

each of which is using a distinct combination of AAV capsid, promoter, and μDys vector [30]. 

Interim data suggests that Sarepta’s higher dose of SRP-9001 has yielded higher efficiencies with 

81% of muscle fibers being positive for μDys, resulting in improved ambulation and reduction of 

serum creatine kinase [31]. While Sarepta failed to meet motor function clinical endpoints in phase 

2 trials, phase 3 studies have reported significant improvements in North Star Ambulatory 

Assessment (NSAA) scores. Meanwhile, Pfizer has reported similar efficiencies (40-70% fiber 

positivity) and expression (25-30% endogenous expression) with PF-06939926, and also 

reported improvements in NSAA scores [32]. Solid Biosciences achieved 10-70% fiber positivity 

and 5-17.5% of normal dystrophin expression with their lower initial dosage, also with 

improvements in motor function [33]. Of note, none of these trials have yet assessed the effect of 

gene therapy treatment on cardiac function at these early time points.  

Despite promising initial results, progress in these clinical trials has been challenged by 

severe adverse events (SAE), which have occurred in five patients, including one in the Sarepta 

trial and three in the Pfizer trial, one of which resulted in the death of a patient. Another clinical 

trial by Genethon in partnership with Sarepta (EudraCT Number: 2020-002093-27) was halted 

after a (SAE) occurred in a patient following administration of GNT-0004. Such SAEs are thought 

to occur due to a genotype-specific immune response to a specific region of the μDys protein, 

rather than to the AAV capsid or promoter or transgene sequence [34]. As a result, current studies 

have updated their eligibility criteria to exclude patients that put them at a higher risk of immune 
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response. In light of the severity of these events, it is clear that further optimization of μDys vectors 

is needed.  

 Here, we have made progress toward the use the mEHT platform for the evaluation of 

AAV-μDys gene therapy. We have demonstrated that hiPSC-CMs efficiently express AAV6-ck83-

μDys5 and have demonstrated efficient in situ transduction of intact mEHTs. In this in vitro mEHT 

model with relevant output measures of cardiac function, we will be able to measure any rescue 

of contractile force occurring after AAV-μDys administration. Future studies will compare the 

newly developed AAVMYO capsid for its ability to provide enhanced transduction and expression 

of novel AAV serotypes as well as evaluate the cardioprotective effects of newly developed μDys 

designs. Ultimately, through these studies we will have demonstrated the suitability of engineered 

in vitro models for preclinical testing of gene therapies.  

4.6 Conclusion 

While AAV-μDys gene replacement therapy is currently being evaluated in three separate 

clinical trials, very little is known of the effect of μDys on cardiac function. Given the limited cardiac 

phenotype presented in the mdx mouse, we developed an in vitro 3D hiPSC-CM model of DMD 

for preclinical screening. The resulting 96-well mEHT platform uses significantly fewer cells and 

reagents than larger comparable platforms, increasing the statistical power of screening studies. 

We demonstrated that DMD mEHTs recapitulate previously observed phenotypes and achieved 

successful, dose-dependent AAV transduction of intact, beating mEHTs. Future studies will use 

the DMD mEHT platform to evaluate the efficacy of novel AAV serotypes as well as the effect of 

novel μDys vectors. The studies described herein are the first to examine the function of μDys in 

hiPSC-CMs as well as mEHTs, demonstrating its utility as a preclinical model of DMD. 
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Chapter 5. Conclusions and Future Directions 

The mechanisms underlying cardiac disease progression in DMD are poorly understood, 

despite the prevalence of cardiomyopathy as the leading cause of death. This has complicated 

the development of novel treatments for DMD such as microdystrophin gene replacement 

therapy, where the pool of potential treatment designs is increasingly large and previous studies 

have failed to adequately translate from preclinical studies to human patients. In no small part, 

this is due to the shortcomings of animal models used to study DMD, which present only mild 

cardiac phenotypes and lack relevant human physiology. To address this, many have turned to 

hiPSC-CMs as an in vitro platform with which to study cardiomyocyte-autonomous mechanisms 

of DMD progression. However, two-dimensional cell culture platforms are limited by fetal 

immaturity, which often obscures disease phenotypes. Thus, there remains a need for three-

dimensional in vitro models of dystrophic cardiomyopathy to promote more physiological cell 

maturation and provide relevant functional output measures in order to recapitulate DMD 

pathology and better understand how the absence of full-length dystrophin affects tissue-level 

function.  

In the work described herein, we have developed EHTs from hiPSC-CMs expressing a 

truncating dystrophin mutation as a preclinical platform for disease modeling, as described in 

Chapter 3. We observed that dystrophic EHTs produced lower contractile forces as compared to 

normal controls. These contractile deficiencies also included slower contraction kinetics. At the 

sarcomere level, this shortcoming was partially explained by shorter sarcomeres in dystrophic 

EHTs. In this platform we captured elevated Ca2+ levels and slowed Ca2+ transient kinetics for the 

first time in a three-dimensional in vitro model of DMD. Transcriptomic analysis EHTs revealed 

the dysregulation of multiple disease-relevant biological processes, including heart development, 

regulation of membrane potential, and Ca2+ homeostasis. This work was the first to fully describe 
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the dystrophic phenotype presented in a 3D in vitro model, demonstrating its utility as a preclinical 

drug screening and validation platform. 

Following these successful initial studies, we were uniquely positioned to demonstrate the 

preclinical relevance of this EHT platform. Gene therapies utilizing AAV-delivered 

microdystrophins have proven successful in numerous animal studies and initial clinical trials. 

However, the overwhelming number of possible AAV capsid serotypes and μDys designs 

necessitate the development of improved in vitro preclinical models. As described in Chapter 4, 

we developed a smaller, 96-well mEHT platform suitable for higher throughput screening of novel 

gene therapy vectors. Using this platform, we demonstrated efficient transduction of intact, 

contracting mEHTs with AAV vectors, which had not been achieved previously. Future studies 

will use the mEHT platform to evaluate the ability of novel μDys vectors to rescue dystrophic 

mEHT function. The goal remains the same—to provide an mEHTs platform as an intermediary 

between high-throughput in vitro screening studies and preclinical studies in animal models. 

This research provides a valuable jumping off point from which further innovations in in 

vitro DMD disease modeling can begin. While the EHT platform described allows for the 

assessment of cardiomyocyte-autonomous function as a cause of disease, a critical aspect of 

dystrophic cardiomyopathy that is missing from this model is fibrosis. At the organ level, excessive 

fibrosis in response to muscle degradation contributes significantly to both cardiac and skeletal 

muscle pathology [1]. As the cardiac DMD disease phenotype progresses, fibrosis contributes to 

electrical conduction abnormalities and arrythmias and to the decline in systolic and diastolic 

function as cardiac remodeling occurs. As fibrosis contributes to cardiac disease at large, there 

have been engineered cardiac tissue models that claim to elicit a fibrotic response in vitro, but 

these have mostly used suboptimal cardiac fibroblasts and required delivery of exogenous cues 

such as transforming growth factor beta (TGF-β) or known cardiotoxins [2–5]. Ultimately, it is likely 

that hiPSC-derived cardiac fibroblasts will be needed, and initial studies have demonstrated some 
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success in the development of differentiation protocols [6–8]. The development of dystrophic 

EHTs made from hiPSC-derived cardiomyocytes and cardiac fibroblasts would enable us to 

answer a variety of research questions crucial to advance our understanding of DMD. Specifically, 

we could evaluate whether dystrophic cues from hiPSC-CMs alone are sufficient to trigger a 

fibrotic response and whether the underlying genotype of cardiac fibroblasts affects their response 

to a dystrophic environment. Additionally, such a platform could be used to assess the contribution 

of fibrosis to cardiac disease progression and determine whether preventing fibrosis could slow 

disease progression. Ultimately, such developments will greatly advance the scientific and 

predictive power of our in vitro disease models.  

Another aspect of cardiac tissue that is missing from the described EHT model is 

vascularization. Generating sufficient vascularization has proven to be one of the greatest 

challenges in engineering tissues on a larger scale, but many groups have explored various 

patterning techniques and endothelial cell-directed angiogenesis to recapitulate native vascular 

systems in vitro [9–13]. Future studies able to add vascularization to EHTs would provide the 

opportunity to capture key aspects of DMD pathology and treatment, including vasoconstriction 

and gene therapy delivery via systemic infusion.  

Lastly, while this work has focused on cardiac muscle as the area most lacking suitable 

disease models, the advancement of skeletal muscle tissue engineering can also be applied to 

generate fully human in vitro models of dystrophic skeletal muscle.  Multiple groups have 

described protocols for the generation of skeletal myotubes from hiPSCs [14–17]. These cells 

have previously been combined with various three-dimensional culture techniques to generate 

engineered skeletal muscle [18]. However, many of these platforms are technically challenging 

and are limited by low throughput. More recently, we have developed a high-throughput 

engineered skeletal model inspired by the EHT platform [17]. This platform uses previously 

developed magnetic tracking technology to provide real-time, longitudinal assessment of 
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engineered muscle function [19]. This model was used to capture a dystrophic phenotype in vitro, 

as it was shown that engineered muscle from dystrophin-null hiPSCs generated reduced twitch 

and tetanic contraction forces and altered kinetics [17]. Ultimately, this work is an exciting jumping 

off point from which we can further understand dystrophic myopathy and evaluate the effect of 

novel therapeutics on skeletal muscle function in the dish.  

As we race toward new and innovative therapies for DMD, it warrants a discussion on who 

is most likely to benefit from these advances in care. Given the X-linked recessive nature of the 

disease, DMD affects males with female carriers being asymptomatic. However, it is known that 

some female carriers do manifest symptoms as a result of X-chromosome inactivation [20, 21]. 

Currently, our understanding of the pathology and treatment of DMD is skewed exclusively toward 

male patients, and thus, more research in to DMD carrier muscular dystrophy is needed.  As 

roughly two-thirds of DMD cases are inherited, different rates of disease and types of mutations 

occur in different populations. Globally, studies have found significant regional differences in 

disease genotype [22, 23].  Additionally, in 2007, it was found that in the United States, prevalence 

among Hispanic individuals is highest at 1.53 per 10,000, compared to 1.45 for non-Hispanic 

white individuals and 0.63 for Black individuals [24]. In the development of mutation-specific 

treatments such as stop codon read-though and exon skipping therapy, it is the responsibility of 

researchers and drug developers to consider the genotypes prioritized and which populations 

they are more likely to benefit. Currently, diagnosis of DMD and access to treatment varies 

significantly by race. It was found that Black and Hispanic patients were more likely to be older at 

initial evaluation and diagnosis compared to white patients, even when familial history of DMD 

was controlled [25]. This delay in diagnosis thus causes a delay at initiation of treatment, which 

is detrimental as early intervention is critical to minimize muscle loss. As a society and a medical 

profession, it is a failure if these patients continue to be left behind. Given the predicted high costs 

of gene repair and replacement therapies (up to $750,000 per year for exon skipping drugs), it is 
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critical to consider who will have first access to treatment, as it will likely not be equitable unless 

interventions are made.  

Ultimately, the studies described in this work advance our ability to model human disease 

in a dish. Through this engineered cardiac model of DMD, we can deepen our understanding of 

the mechanisms underlying dystrophic cardiomyopathy and of how dysfunction at the cellular 

level manifests in organ-level failure in the absence of functional dystrophin protein. As this EHT 

platform provides relevant outputs of cardiac function, reproduces key phenotypes of DMD, and 

is amenable to AAV transduction, it holds great promise to increase the throughput and accuracy 

of preclinical testing, ultimately increasing the speed and confidence with which we can translate 

findings from the lab to the clinic.  
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Appendix – MATLAB analysis code 

This section contains MATLAB analysis scripts and functions used for EHT analysis and 

quantifying immunohistochemistry images. The following was developed with extensive help from 

Alan Levinson at the University of Washington.  

A.1 Dystrophin staining intensity 

%% Fluorescence intensity quantification 
% used to quantify fluorescence intensity of dystrophin-stained EHT sections 
 
clear all; close all; clc; 
 
% Set path to folder containing .lif files you'd like to process 
 
% channel names, leave empty if n/a 
cNames{1} = 'DAPI'; 
cNames{2} = 'dystrophin'; 
cNames{3} = 'A-actin'; 
cNames{4} = ''; 
 
% Name of channel to use as mask and to quantify with, only has to be a  
% unique part of the channel name (ie. cannot be shared by other channel  
% names). Case sensitive 
mask_cName = 'dystrophin'; 
 
%Threshold used for binarizing images, use -1 for Otsu's method: 
%th = -1; 
BINthresh = .04706; %VAST difference between .04706 and anything less 
 
%Threshold used to exclude any centroids with a pixel size smaller 
areaThresh = 200; %500 for more selectivity 
 
%File pattern (will find files with matching title) 
pattern = 'image*'; % use * to include any strings containing the keywork (e.g. *.nd2, 
*40x*_images*, etc) 
 
%Output file names, the first will contain values for the intensities  
%separated by file, and the second will contain values for the areas,  
%WILL OVERWRITE SHEETS IN FILE WITH SAME NAME IF LEFT IN CURRENT FOLDER. 
outputName = 'Output'; 
intensitySheetName = 'Intensity'; 
areaSheetName = 'Area'; 
 
%Specifies the number of pixels each white pixel will be dilated in the mask.  
dilationAmount = 5; 
 
%%% You shouldn't need to change anything below here 
%%% ------------------------------------------------------------- 
 
%% Choose files 
% https://matlab.fandom.com/wiki/FAQ#How_can_I_process_a_sequence_of_files.3F 
% Specify the folder where the files live. 
PathName = pwd; 
 
% Get a list of all files in the folder with the desired file name pattern. 
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filePattern = fullfile(PathName, pattern); % Change to whatever pattern you need. 
theFiles = dir(filePattern); 
 
%Create cells with file names 
baseFileName = strings(length(theFiles),1); 
fullFileName = strings(length(theFiles),1); 
for k = 1 : length(theFiles) 
  baseFileName(k) = char(theFiles(k).name); 
  fullFileName(k) = char(fullfile(PathName, baseFileName(k))); 
end 
 
%% 
%Find channel that is being processed (dystrophin in this case) 
mask_cIndex = find(contains(cNames,mask_cName),1); 
 
 
for k = 1:length(theFiles) 
     
    %Search for file and use bfopen to load in data from file.  
    [~, file_name, file_ext] = fileparts(baseFileName(k,:)); 
    disp(['Running file ' num2str(k) '/' num2str(length(theFiles))]) 
    % load image 
    if strcmp(file_ext,'.lif') 
        % check to ensure bioformats plugin is installed 
        if ~exist('bfopen','file') 
            ScriptPath = mfilename('fullpath'); 
            try 
                addpath([ScriptPath '/bfmatlab']) 
            catch 
                error('CANNOT OPEN FILE: Please ensure you have the bioformats 
functions installed.') 
            end 
 
            if ~exist('bfopen','file') 
                error('CANNOT OPEN FILE: Please ensure you have the bioformats 
functions installed.') 
            end 
        end 
        rawdata = bfopen(char(fullFileName(k))); 
        numseries = size(rawdata,1); % gets the number of rows in rawdata = number of 
images 
        % rawdata{1,1} = image 1, rawdata{2,1} = image2, rawdata{3,1} = image 3 
        % https://ww2.mathworks.cn/mat 
        series1 = rawdata{1,1}; 
        nChannels = size(series1,1); 
    else 
        error('File selected is not .lif') 
    end 
 
 
    for j = 1:numseries 
           series = rawdata{j}; 
           s = series(:,2); 
            
           %Determines whether series contains 3 or 4 channels 
           if find(cellfun(@(s) contains(s, "C=1/3"), s)) 
               channels = {0,0,0}; 
                
               %Picks out each channel 
               c1 = find(cellfun(@(s) ~isempty(strfind(s, 'C=1/3')), s));  
               c2 = find(cellfun(@(s) ~isempty(strfind(s, 'C=2/3')), s)); 
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               c3 = find(cellfun(@(s) ~isempty(strfind(s, 'C=3/3')), s)); 
                
               z = length(c1); 
               for l = 1:3 %iterates once for each channel to perform Z  
               %projections on all of them, stores all channels in cell.  
                   currChan = series(eval("c"+l)); 
                   currChanZProj = max(cat(z, currChan{:}), [], z); 
                   channels{1,l} = currChanZProj; 
               end 
                
               %Determines whether series contains 4 channels, does similar 
               %process as 3 channel images.  
           elseif find(cellfun(@(s) contains(s, 'C=1/4'), s)) 
               channels = {0,0,0,0}; 
                
               c1 = find(cellfun(@(s) ~isempty(strfind(s, 'C=1/4')), s));  
               c2 = find(cellfun(@(s) ~isempty(strfind(s, 'C=2/4')), s)); 
               c3 = find(cellfun(@(s) ~isempty(strfind(s, 'C=3/4')), s)); 
               c4 = find(cellfun(@(s) ~isempty(strfind(s, 'C=4/4')), s)); 
               z = length(c1); 
               for l = 1:4 
                   currChan = series(eval("c"+l)); 
                   currChanZProj = max(cat(z, currChan{:}), [], z); 
                   channels{1,l} = currChanZProj; 
               end 
           end 
          
        %Stores a grayscale version of the max-Z channel of interest  
        %(dystrophin in this case) 
        imGray = channels{1,mask_cIndex}; 
         
        %Binarizes the max-z channel of interest to create a mask 
        if BINthresh==-1 
            BW = imbinarize(imGray);  
        else 
            BW = imbinarize(imGray,BINthresh);  
        end 
         
        %Finds centroids and notes their areas and pixels where they occur. 
        s1{j} = regionprops(BW,'Centroid','Area','PixelList'); 
 
         
        %Exlcludes centroids smaller than areaThresh pixels (noise).  
        areas{j} = cat(1,s1{j}.Area); 
        exclude{j} = find(areas{j}<areaThresh); 
        areas{j}(exclude{j})=nan; 
        centroids{j} = cat(1,s1{j}.Centroid); 
        centroids{j}(exclude{j},:) = nan; 
        pixels{j} = []; 
        for l = 1:length(exclude{j}) 
            pixels{j} = cat(1,pixels{j},s1{j}(exclude{j}(l)).PixelList); 
        end 
         
        %Removes excluded pixels from binarized max-Z image 
        for l = 1:length(pixels{1,j}) 
            BW(pixels{1,j}(l,2),pixels{1,j}(l,1)) = 0; 
        end 
         
        %Dilates and/or fills mask 
        SE = strel('disk',dilationAmount); 
        BW = imdilate(BW,SE); 
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        %BW = imfill(BW,'holes'); 
        areaBW{k,j} = sum(sum(BW)); 
         
        %Stores image and binarized image in cell 
        maskIm{j} = {imGray,BW}; 
         
        %Stores mask areas into a cell 
        maskArea{k,j} = [areaBW{1,j}]; 
         
        %Applies the mask to the grayscaled image, and displays the two 
        %side by side.  
        if maskArea{k,j} ~= 0 
            figure(j); 
            imshowpair(maskIm{1,j}{1,1},maskIm{1,j}{1,2},'montage'); 
            maskedIm = uint8(maskIm{1,j}{1,2}).*maskIm{1,j}{1,1}; 
            imshowpair(maskedIm,maskIm{1,j}{1,2},'montage'); 
            %Stores the average intensity of pixels that passed the 
            %binarized threshhold.  
            averageIntensity{k,j} = mean(nonzeros(maskedIm)); 
        else 
            disp("Image: " + file_name + " has empty series #" + int2str(j)); 
        end 
    end 
end 
 
%Creates desired output filename 
outputName = outputName+".xlsx"; 
 
%Writes all intensity and mask area cell arrays to an output excel sheet 
%on different sheets for each array.  
filesCell = struct2cell(theFiles); 
fileNames = filesCell(1,:); 
writecell(fileNames,outputName,'Range','B1','Sheet',intensitySheetName,'WriteMode','ov
erwritesheet'); 
writecell(averageIntensity.',outputName,'Sheet',intensitySheetName,'Range','B2'); 
writecell(fileNames,outputName,'Sheet',areaSheetName,'Range','B1','WriteMode','overwri
tesheet'); 
writecell(maskArea.',outputName,'Sheet',areaSheetName,'Range','B2'); 
 
%Generates and applies row names for both sheets of the output excel sheet. 
for eachSeries = 1:length(areas) 
    rowNames(eachSeries,1)="Series"+eachSeries; 
end 
writematrix(rowNames,outputName,'Sheet',intensitySheetName,'Range','A2'); 
writematrix(rowNames,outputName,'Sheet',areaSheetName,'Range','A2'); 
 
 
A.2 Quantification of AAV-dsRed transduction 

%% Used to quantify dsRed+ and alpha-actinin+ areas for transduction  
% quantification 
clear all ; close all ; %clc ;  
PathName = pwd; 
outputFilename = "aactOutput"; 
pattern = '*16bit*';%Pattern for what folders images are in 
imName{1} = 'dsRed'; %Pattern for dsRed stain max-Z projections 
imName{2} = 'hoescht'; %Pattern for nuclei stain max-Z projections 
imName{3} = 'aact'; %Pattern for a-actinin stain max-Z projections 
nucleiOverlapThresh = 0;%Minimum amount of nuclei overlap with dsRed 
                        %any less overlap causes the cell not to be dsRed+ 
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intensThresh = 1000; %Low intensity threshold to cut out any  
                     %ambient light contamination 
areaThresh = 100; %Area threshold for smallest allowable area 
                  %Both nuclei and dsRed.  
filePattern = fullfile(PathName, pattern);  
theFiles = dir(filePattern); 
baseFileName = strings(length(theFiles),1); 
fullFileName = strings(length(theFiles),1); 
for k = 1 : length(theFiles) 
 baseFileName(k) = char(theFiles(k).name); 
 fullFileName(k) = char(fullfile(PathName, baseFileName(k))); 
end 
for i = 1:length(baseFileName) 
  disp([num2str(i) '/' num2str(length(baseFileName))]) 
  cd(baseFileName(i)) 
  theImages = dir(fullFileName(i)); 
  numFile1 = 0; 
  numFile2 = 0; 
  numFile3 = 0; 
  for k = 1 : length(theImages) 
    if contains(theImages(k).name,imName{1}) 
      numFile1 = numFile1+1; 
      Stain1Names{numFile1} = theImages(k).name; 
    elseif contains(theImages(k).name,imName{2}) 
      numFile2 = numFile2+1; 
      Stain2Names{numFile2} = theImages(k).name; 
    elseif contains(theImages(k).name,imName{3}) 
      numFile3 = numFile3+1; 
      Stain3Names{numFile3} = theImages(k).name; 
    end 
  end 
  for k = 1:length(Stain1Names) 
        stain1 = Stain1Names{k}; 
        stain2 = Stain2Names{k}; 
        stain3 = Stain3Names{k}; 
        % load original images 
        ims{1} = imread(stain1); 
        ims{2} = imread(stain2); 
        ims{3} = imread(stain3); 
 
        % Segment images 
        Seg{1} = cellSeg2(stain1,areaThresh); 
        Seg{2} = cellSeg2(stain2,areaThresh); 
        Seg{3} = cellSeg2(stain3,areaThresh); 
         
        for j = 1:length(Seg) 
            masks{j}=Seg{1,j}{3}; 
        end 
        figure(1) 
        masks{1} = masks{1}.*(ims{1}>intensThresh); 
        imshowpair(masks{2},masks{1})        
        title("Mask 1 vs Mask 2") 
 
        masksum12 = masks{1}+masks{2}; 
        intersect12 = masksum12==2; 
        nucArea = sum(sum(masks{2})); 
        totalIntersect12 = sum(sum(intersect12))./nucArea; 
 
        masksum13 = masks{1}+masks{3}; 
        intersect13 = masksum13==2; 
        actArea = sum(sum(masks{3})); 
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        totalIntersect13 = sum(sum(intersect13))./actArea; 
 
        figure(2) 
        imshowpair(masks{1},masks{3}) 
        title("Mask 1 vs Mask 3") 
         
        for j = 1:length(Seg) 
            maskedIm{j} = uint16(masks{j}).*ims{j}; 
            averageIntensity{j} = mean(nonzeros(maskedIm{j})); 
        end 
     
        nucleiInfo = regionprops(masks{2},'PixelList'); 
        nucleiCount(i) = length(nucleiInfo); % # nuclei detected 
        dsRedArea(i) = sum(sum(masks{1}))./numel(masks{1}); % # dsRed+ pixels/ # total 
pixels 
        if dsRedArea(i)>0.5 
            dsRedArea(i)=0; 
        end 
 
        %Following loop calculates whether nuclei is within overlap threshold 
        %and deletes it if not.  
        redNuclei = masks{2}; 
        for k = 1:nucleiCount(i) 
            nucPixels = nucleiInfo(k).PixelList; 
            intersectPix = 0; 
            dimPixel = size(nucPixels); 
            nucPix2 = []; 
            nucPix1 = []; 
            for l = 1:dimPixel(1) 
                if intersect12(nucPixels(l,2),nucPixels(l,1))==1 
                    intersectPix = intersectPix+1; 
                end 
            end 
            if intersectPix/length(nucPixels)<=nucleiOverlapThresh 
                for m = 1:dimPixel(1) 
                    redNuclei(nucPixels(m,2),nucPixels(m,1))=0; 
                end 
            end 
        end 
        figure(3) 
        redCellProps = regionprops(redNuclei,'PixelList'); 
        %dsRed+ nuclei are pink, - nuclei are green 
        imshowpair(masks{2}-redNuclei,redNuclei) 
        TotalRedNuclei(i) = length(redCellProps); 
        pseudoEfficiency(i) = TotalRedNuclei(i)/nucleiCount(i); 
        bitmax = intmax(class(ims{1})); 
        dsRedIntensity(i) = double(averageIntensity{1})/double(bitmax); 
        aactRedOverlap(i) = totalIntersect13; 
  end 
  cd(PathName) 
end 
OUTPUT = 
table(dsRedArea',dsRedIntensity',TotalRedNuclei',nucleiCount',pseudoEfficiency',... 
      aactRedOverlap','VariableNames',["dsRed Area","dsRed Intensity", ... 
      "Total dsRed+ Nuclei","Total Nuclei", "Pseudo-efficiency","a-Actinin dsRed 
Overlap"]) 
save(outputFilename,'OUTPUT'); 
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A.3 Cell Segmentation Function 

function boundary = cellSeg2(image,areaThresh,threshold) 
%CELLSEG Takes in an RGB or grayscale image and returns a 1x2 cell 
%that contains the boundaries of significant cell regions, and the  
%threshold used to binarize the image.  
%   image     = RGB or grayscale image to process. 
%   areaThresh= Minimum number of pixels an area can have without being 
%               ignored. 
%   threshold = Threshold to generate binarized mask that highlights  
%               important cell regions, if -1, will open a GUI to 
%               determine threshold manually. If missing, will autogenerate 
%               a threshold using canny edge detection.  
 
%Read and filter initial image (turns RGB to grayscale if RGB) 
image = imread(image); 
if(length(size(image))==3) 
    I1 = image(:,:,1)+image(:,:,2)+image(:,:,3); 
else  
    I1 = image; 
end 
I1 = medfilt2(I1); 
 
%% Determine threshold 
%If missing, use sobel gradient edge detection. 
if(~exist('threshold','var')) 
    [~,threshold] = edge(I1,'sobel'); 
    threshold = threshold(1); 
    gradientFactor = 4; %controls gradient over which threshold is  
                          %fine tuned, may need to be changed for  
                          %different stains, 4-10 works for DAPI 
    [~,threshold] = edge(I1,'sobel',threshold * gradientFactor); 
end 
 
%If -1, manually determine using UI 
if(threshold == -1) 
    fig = figure 
    sldr = uicontrol(fig,'Style','slider'); 
    sldr.Position = [100 70 200 30]; 
    sldr.Min = 0; 
    sldr.Max = .2; 
    btn = uicontrol(fig,'Style','togglebutton'); 
    btn.Position = [100,200, 100, 20]; 
    btn.Value = false; 
    btn.String = "Done"; 
    while(btn.Value == false) 
        figure(2); 
        imshow(imbinarize(I1,sldr.Value),'Border','Tight') 
    end 
    threshold = sldr.Value; 
end 
 
if(~exist('areaThresh','var')) 
    areaThresh = 50; 
end 
%% Generate boundary mask 
I2 = imbinarize(I1,threshold); 
%Ignores area less than areaThresh 
I3 = bwareaopen(I2,areaThresh); 
I4 = imdilate(I3,ones(3)); 
I5 = imerode(I4,ones(3)); 
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I6 = imfill(I5,'holes'); 
I7 = medfilt2(I6,[5 5]); 
 
perim = bwperim(I7); 
figure(3) 
imshowpair(image,perim); 
boundary{1} = bwboundaries(I7); 
boundary{2} = threshold; 
boundary{3} = I7; 
end 


