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Abstract

Hypoplastic Left Heart Syndrome (HLHS) is a complex Congenital Heart Disease (CHD) that was 

almost universally fatal until the advent of the Norwood operation in 1981. Children with HLHS 

who largely succumbed to the disease within the first year of life, are now surviving to adulthood. 

However, this survival is associated with multiple comorbidities and HLHS infants have a higher 

mortality rate as compared to other non-HLHS single ventricle patients. In this review we (a) 

discuss current clinical challenges associated in the care of HLHS patients, (b) explore the 

use of systems biology in understanding the molecular framework of this disease, (c) evaluate 

induced pluripotent stem cells as a translational model to understand molecular mechanisms and 

manipulate them to improve outcomes, and (d) investigate cell therapy, gene therapy, and tissue 

engineering as a potential tool to regenerate hypoplastic cardiac structures and improve outcomes.
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1. The HLHS patient

1.1. Incidence and prevalence

Hypoplastic left heart syndrome (HLHS) is a severe form of congenital heart disease (CHD) 

that affects the left sided systemic blood flow. It afflicts 2 in 10,000 pregnancies and occurs 
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in 0.016% to 0.036% of all live births [1–4]. Despite the low incidence, it is responsible for 

up to 23% of cardiac deaths during the first week of life and 15% of cardiac deaths within 

the first month of life [5]. Left heart lesions present with a spectrum of complexity, with 

isolated aortic valve malformations such as bicuspid aortic valve being the most common, 

to HLHS which has severely underdeveloped left heart structures including the mitral valve, 

left ventricle, aortic valve, aorta, in combination of varying degrees of severity. Seven in ten 

patients are male and 13.5% of siblings of HLHS patients have some form of congenital 

heart disease suggesting a complex interplay of multiple genetic factors. Only in the past 38 

years, after the introduction of the Norwood 3-stage palliation procedure, have infants with 

HLHS been able to survive beyond the first decade of life. Current reported 15-year-survival 

is only 48% [6] with significant mortality during the first year of life [7].

1.2. Anatomy of the hypoplastic left heart

The hypoplastic left heart has underdeveloped left heart structures including the mitral valve, 

the left ventricle, the aortic valve as well as the aorta (Fig. 1). Representative phenotypic 

variants of HLHS hearts as seen in the clinic can be found in a recent review by Grossfeld 

et al. [8]. HLHS is distinguished from other defects with LV hypoplasia by mitral and aortic 

atresia or hypoplasia with an intact ventricular septum [9,10]. Towards the mild end of the 

HLHS spectrum, patients have valvular hypoplasia and a relatively larger ventricular cavity 

size, which are termed hypoplastic left heart complex (HLHC) [11]. Severe HLHS has a 

non-existent left ventricle with mitral and aortic atresia as well as a hypoplastic aorta and 

aortic arch. The complex repair needed for the aortic atresia and hypoplasia of the ascending 

aorta and arch distinguishes HLHS from other types of single ventricle heart defects. 

Severity of HLHS can determine the corrective surgical pathway – severe HLHS patients are 

surgically corrected into a single ventricle physiology, whereas the milder forms of HLHC 

can undergo a biventricular repair. In addition to having an underdeveloped left heart, HLHS 

patients most commonly present with coarctation of the aorta (in 67–80% cases) [12]. The 

aortic hypoplasia compromises systemic outflow of blood which is maintained by a patent 

ductus between the pulmonary artery and aorta until the Norwood operation is performed 

in the first few days of life. This is followed by the Fontan operation [13], which has been 

revolutionary in improving survival in children with complex CHD.

1.2.1. Stage 1: The Norwood procedure—The Norwood procedure was momentous 

in improving the survival of HLHS patients from 0% in 1979–1984 to 42% in 1999–2005 

[7]. The Norwood operation involves (a) atrial septectomy to allow pulmonary venous flow 

to reach the right ventricle, (b) reconstruction of the aorta using the tissue from the proximal 

pulmonary artery, and (c) a systemic to pulmonary artery shunt such as the Blalock-Taussig 

(BT) shunt that allows perfusion of the lungs (Fig. 2). The operation allows the systemic 

right ventricle to supply blood to the neoaorta and the body, and a portion of that blood is 

shunted to the lungs via the BT shunt.

1.2.2. Stage 2: Glenn shunt—As the infant grows, stage 2 surgery is performed at 

around 3 months. The BT shunt is replaced with a direct connection between the superior 

vena cava (SVC) and the branch pulmonary arteries, also called the Glenn shunt.
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1.2.3. Stage 3: The Fontan procedure—In the last stage of the procedure, which 

typically occurs at preschool age, the inferior vena cava (IVC) is connected to the pulmonary 

arteries. This last operation shunts all systemic deoxygenated blood to the lungs through a 

combination of changes in intrathoracic pressures and diastolic filling of the heart bypassing 

the need for a subpulmonic ventricle.

1.3. Mechanisms of failure in HLHS

In some studies, mortality associated with HLHS is higher than that seen with other single 

ventricle Fontan patients. Early stage mortality is highest between stage 1 and stage 2 

operation, known as the interstage, at 8–12% [14] and has been associated with arrhythmias, 

decreased ventricular function at hospital discharge [15] cardiopulmonary bypass time and 

circulatory arrest time [16] as well as obstruction in pulmonary venous return [17]. Survival 

is between 63 and 74% during the first year of life and remains stable thereafter [7]. This 

morbidity can be attributed to impairment in coronary perfusion, obstruction of pulmonary 

artery blood flow, obstruction of flow through the neoaorta (noted in up to 33% of Fontan 

patients [18]), pulmonary hyperperfusion and right ventricular failure [19]. In addition, the 

Fontan circulation itself imposes long term consequences to the single ventricle HLHS 

patient.

In the seminal paper by Fontan et al. [20], which examined short and long term 

outcomes in Fontan patients 20 years after initial operation, there appeared to be an 

increase in mortality and decrease in functional status beyond 6 years after initial Fontan 

operation. Over the years, Fontan patients have been found to have multiple comorbidities 

including arrhythmias, myocardial and valvular dysfunction and hepatic cirrhosis caused 

from prolonged hepatic venous congestion. Clinically, Fontan failure is progressive with 

phenotypic variability across patients. These varied etiologies of Fontan failure have 

been classified into four distinct Fontan failure phenotypes [21]; however, the underlying 

cellular and molecular mechanisms contributing to their pathophysiology remain obscure. 

Additionally, the structure of the cavo-pulmonary connection itself- including significant 

flow differences between atriopulmonary (AP), lateral tunnel (LT) and extra-cardiac 

conduits (ECC) as well as subtle differences within each Fontan-subtype due to the location 

of the anastomosis—causes significant differences in flow patterns and Fontan pressures 

that have long term implications in outcomes. To better understand these implications, 

multiple studies involving computational modeling have been conducted to improve the 

design of the Fontan anatomy [17,22–24]. Understanding the complex interplay between 

Fontan hemodynamics, intrinsic cardiac architectural differences between anatomically 

normal versus HLHS patients, as well as serological factors that influence pathology at 

a molecular level could provide insights on Fontan failure and the development of new 

therapies.

1.4. Comorbidities associated with HLHS Fontan

Table 1 summarizes the early and late comorbidities associated with the Fontan operation. 

Perioperative comorbidities specific to HLHS patients include a higher incidence of 

stroke. Studies have reported that HLHS patients have a higher rate of late adverse 

events as well, including atrioventricular valve regurgitation, Fontan failure, reoperation, 
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cardiac percutaneous interventions, pacemaker requirement, thromboembolic events and 

supraventricular tachycardia (SVT) [25].

1.4.1. Heart Failure—The systemic RV in HLHS is an independent risk factor 

for Fontan failure with a 3.8-fold increased likelihood as compared to other Fontan 

anatomies [26]. One in five (19.6%) children with HLHS (versus 7.0% non-HLHS) have 

abnormal ventricular function and 23.4% (versus 9.2% non-HLHS) have moderate to 

severe atrioventricular valve (tricuspid) regurgitation. Additionally, late sequelae of the 

aortic reconstructions can increase afterload on the systemic right ventricle, potentially 

contributing to heart failure and ischemia. By adulthood, the incidence of heart failure after 

Fontan procedure is nearly 50% [27,28].

1.4.2. Arrythmias—Arrhythmias in Fontan patients are mostly intra-atrial and re-

entrant. These arrhythmias are associated both with surgical suture lines as well as other 

complex genetic factors that control myocardial architecture, making catheter ablation 

challenging with a high incidence of recurrence. Onset of arrhythmias is an independent 

risk predictor of late Fontan failure and reduces post Fontan 15-year survival rates to 70% 

[29]. In a recent study evaluating the clinical outcomes in Fontan patients >16 years of age, 

15% of patients had experienced arrhythmic events including SVT, atrial flutter and atrial 

fibrillation. Six percent of deaths in Fontan patients were attributed to lethal arrhythmias 

[18].

1.4.3. Pulmonary Hypertension—A severely restrictive atrial septal defect (ASD) in 

neonates with HLHS results in pulmonary venous hypertension, pulmonary edema, and 

intractable hypoxia [30] and has been attributed to a higher mortality without an atrial 

septostomy. Additionally, HLHS patients have a higher incidence of pulmonary hypertensive 

events post-operatively, and a significantly higher incidence of in-hospital death [31] as 

compared to other CHDs.

1.4.4. Plastic Bronchitis (PB)—PB is one of the rare but devastating sequalae of 

Fontan circulation and has a prevalence of 4–14% [32], which occurs at a median of 2.5 

years after Fontan completion and is associated with an increasing rate of death, with a 

transplant free survival of 8.3 years [33]. Hence, it is more commonly seen in children than 

adults.

1.4.5. Protein Losing Enteropathy (PLE)—PLE occurs in up to 24% of Fontan 

patients [34] and presents with symptoms of abdominal and lower extremity swelling and 

diarrhea. HLHS patients have a 2.81 times higher predisposition of developing PLE [34]. 

PLE decreases 5-year survival from 88% [35] to 50% [36] in Fontan patients and has been 

attributed to elevated Fontan pressures >15 mmHg, decreased cardiac index and increased 

pulmonary vascular resistance.

1.4.6. Hepatic Dysfunction—After the Fontan operation, the systemic venous 

pressures are obligatorily elevated to allow passive filling of the systemic ventricle. This 

leads to systemic venous congestion where the liver acts as a reservoir between the upstream 

splanchnic vascular bed and the downstream pulmonary vascular bed. Almost all patients 
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develop Fontan associated liver disease (FALD) by adulthood, which is characterized by 

hepatic fibrosis with normal synthetic function, until the late stages of cirrhosis. FALD 

is pervasive, and associated with cirrhosis, hepatocellular carcinoma, and failing Fontan 

physiology. In a recently published multicenter study [37], 94% of Fontan patients had at 

least 1 abnormal liver related finding with nearly all patients showing some abnormalities 

on imaging. Additionally, 99% of patients had sinusoidal dilation and 97% had sinusoidal 

fibrosis on histology. Multifocal hyperechoic lesions were noted in the range of 35% [38]–

55% [39] of Fontan patients.

1.4.7. Thromboembolic Events—Hepatic venous congestion in Fontan circulation and 

endothelial dysfunction causes an increased risk of thromboembolism in Fontan patients. 

Thromboembolic events, either from arrhythmias or from systemic perturbations, have an 

incidence of 18% at 7 years [40] to 55% at 10 years post [41] Fontan surgery. The incidence 

of thromboembolic events decreases by a hazard ratio of 2.5 with anticoagulation [41]. 

Multiple studies have shown that there is no significant difference between aspirin and 

warfarin in decreasing the risk of thromboembolic events in the long term [40,42–44]. 

Amongst HLHS patients who have undergone the Norwood procedure there are multiple 

single case reports and a case series describing an increased risk of thrombus formation in 

the neoaorta months to years following the Norwood procedure [45–47]. An aortic thrombus 

further increases the risk of occlusion of the coronary arteries causing sudden death in some 

of these patients.

2. From bedside to bench

2.1. Systems biology approach to HLHS

Growing evidence supports the hypothesis that HLHS is not a monogenic disease [48] that 

follows a Mendelian pattern of inheritance. Together with epigenetic and environmental 

influences, HLHS is a multigenic disease with a multifactorial inheritance pattern which 

contributes to the variability in HLHS severity seen in patients. While we have yet to unravel 

the genetic complexity associated with HLHS, it is evident that a reductionist approach of 

focusing on a single culprit gene to predict HLHS severity or to determine disease prognosis 

for a patient is inadequate.

Systems biology, within the context of CHD, is a powerful tool to understand heart 

development, as it provides a framework for understanding various molecular processes 

in the context of each other. In the context of HLHS, it also has the potential to be 

used for understanding differential expression of comorbidities seen in patients. The 

morbidity and mortality associated with HLHS patients spans all ages and it is unclear 

at this time why some patients continue to survive beyond their 3rd decade of life 

whereas some others succumb within months after undergoing the same palliative Fontan 

operation. Therefore, a systems biology approach to examine the interactions between 

genes, gene expression, proteins and metabolites (genomics, transcriptomics, proteomics and 

metabolomics respectively) and the dynamic perturbations within this network that initiate 

pathophysiology, is paramount to the understanding of disease progression in HLHS.
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2.1.1. Genomics—There is evidence from animal models and familial genetic studies 

that supports a genetic cause for HLHS. HLHS is associated with many syndromic diseases 

including Turner syndrome, Trisomy 18, DiGeorge syndrome, Jacobson syndrome, Noonan 

syndrome, Holt-Oram syndrome, Rubinstein-Taybi syndrome, Smith-Lemli-Opitz syndrome 

and heterotaxy [49]. However, the unique genetic mutations that cause HLHS versus 

other forms of CHD remain largely elusive and most HLHS mutations occur sporadically. 

Single gene mutations for HLHS are very rare and familial segregation analysis reveals 

alleles with low penetrance and wide expressivity. Families of patients with HLHS have 

an increased prevalence of CHD that ranges in severity from bicuspid aortic valve, a 

relatively benign CHD, to very severe forms of HLHS. Given the overall low prevalence 

of HLHS, early in utero mortality of fetuses with HLHS and overall high variability in 

the general population of genetic polymorphisms that are functionally inconsequential, 

identifying genetic mutations that can be attributed to HLHS alone by linkage analysis is 

challenging. However, studies have identified mutations in many of the core transcription 

factors that have been conserved across species with respect to heart development. These 

include NKX2.5 and NOTCH1. In addition, microdeletions in the FOX transcription family 

cluster have been associated with HLHS and are implicated in endothelial malformations. 

Mutations are also attributed to sub-cellular structures including cadherin family of adhesion 

proteins [50,51] as well as those attributed to dysfunction in the sarcoplasmic reticulum. 

Somatic mutations in transcription factors such as HAND1 [52], GATA4 and NKX2.5 [53–

55] were initially implicated as a possible cause of HLHS. However, these mutations were 

identified in formalin-fixed tissue and subsequent independent studies in frozen cardiac 

samples have failed to confirm these initial findings [56,57]. Somatic mutations as a cause 

of HLHS, or most forms of CHD, are no longer considered to be a predominant mechanism 

contributing to cardiac malformations [58–60]. While additional germline mutations in 

genes such as GJA1 [51], PTCH1 [61], BMP2/BMPR2 [61,62], HEY2 [61], HUWEI1 

[61], MLL2/KT2D [63], IRX4 [61], JAG1 [61] have been identified through whole exome 

sequencing (WES), their prevalence within the HLHS patients is relatively low and has not 

been confirmed by multiple studies. Newer and more powerful techniques associated with 

genetic analysis continue to be employed in understanding complex diseases such as HLHS. 

Emerging technologies associated with next generation sequencing are extensively described 

by experts in the field [64–67]. Ongoing studies through the Congenital Heart Disease 

Genetic Network Study seek to evaluate genetic mutations of nearly 10,000 patients with 

all complexities of CHD including 454 HLHS patients [68]. Specific mutations associated 

with HLHS are noted in Table 2. Additionally, the “Human Phenotype Ontology” (HPO) 

database actively collects information about phenotypic abnormalities and genes associated 

with diseases [69].

2.1.2. Transcriptomics—Given the complex genetics of HLHS, it has become evident 

that there is great diversity within the HLHS genotype, and as yet these mutations 

cannot be correlated to clinical characteristics. Hence, there is great utility in using 

dynamic components within the cell to monitor deviations from normal phenotype, 

both during development and during pathologic worsening of the adult patient. The 

transcriptome represents all RNA transcribed by a cell. Unlike the genome, it is dynamic 

and changes during stages of development and progression of disease and may be specific 

Saraf et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to individual cells. Li et al. [70] utilized transcriptomics to determine gene expression 

profiles during embryogenesis and further used CHD associated genes to probe disrupted 

developmental pathways. This interaction between genome and transcriptome provided 

valuable information on various signaling pathways and their relative regulation over time in 

the context of CHD. In addition, transcriptomics allows for characterization of non-coding 

RNAs such as miRNA and ribosomal RNA that have structural and functional roles and 

can influence disease states and cell-cell signaling. Sucharov et al. [71] evaluated miRNA 

profile in HLHS patients and determined that the miRNA profile was different in adults and 

children and reflected the disease state of the patient. Furthermore, miRNA levels responded 

to therapies such as volume unloading of the ventricle suggesting that miRNA profiles could 

be useful for monitoring efficacy of drugs and therapies.

2.1.3. Proteomics—Proteomics is the study of proteins, including cytokines within a 

tissue or bodily fluid. Unlike the genome which is static, proteomes are dynamic and 

can modulate their function in response to environmental cues to maintain homeostasis 

without being too ephemeral. Consequently, they are excellent targets for evaluating disease 

states and their response to drugs and therapies. Furthermore, proteins as molecules are 

modular and are targets of post-translational modifications - including phosphorylation, 

glycosylation, alkylation and acetylation, which can change the function of the protein 

greatly. “Expression proteomics” comparing global protein levels in biological fluids such 

as serum and urine in normal and disease states is valuable to identify biomarkers for 

clinical monitoring [72]. However, proteins influence cell behavior at microscopic levels 

as well, and these differences may not be appreciated on a global scale. Hence, “Cell-
map proteomics” that evaluate proteins at a more cellular level is useful in identifying 

protein dysregulation at a cellular level. While molecules such as brain natriuretic peptide 

(BNP), troponin and inflammatory cytokines (e.g., tumor necrosis factor alpha and 

interleukin-6) have been studied clinically as biomarkers of severity and disease progression 

in cardiac conditions, studies in HLHS patients alone have not been performed. Given the 

small population size of HLHS patients in any given center and variations in surgical 

interventions, co-morbid conditions and drug therapies, it is challenging to eliminate 

confounding factors in determining protein-based biomarkers of significance in HLHS 

patients. Additionally, acquiring cardiac tissue samples for “cellmap proteomics”, which 

could be clinically more informative for HLHS patients on a routine basis, is clinically 

impossible and too risky for the patients. Methods used for proteomic analysis are described 

in detail in multiple comprehensive reviews [72–82].

2.1.4. Metabolomics—Metabolomics analyzes biological byproducts of metabolic 

reactions within the body, which by far are the most dynamic molecules in the body, using 

tools such as nuclear magnetic resonance (NMR) and mass spectroscopy (MS). Within 

CHD, metabolomics has been used to detect biomarkers in pregnant mothers in the first 

trimester which indicated an abnormal pattern of lipid metabolism in fetuses with CHD [83]. 

In a separate study involving pediatric patients, a combination of betaine, taurine, glutamine, 

and phenylalanine were associated with CHD with high accuracy [84]. There are no known 

studies to date that evaluate metabolomic profile in HLHS patients. Given that metabolites 

are dynamic, can change within seconds, and are influenced by day to day changes in diet 
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and activity level, identifying metabolic biomarkers needs to undergo extensive validation 

prior to use in mainstream medicine. However, studies combining various systems biology 

approaches allow for evaluation of interdependent cellular processes that contribute to 

disease mechanisms and can therefore be a powerful tool in CHD.

2.2. Lessons from HLHS heart and tissue explants

Explanted hearts and tissues from patients with HLHS provide valuable insights into 

cardiomyocyte structure and function. Atrial septal tissue explants from neonates showed 

an overall transcriptional repression and altered expression of key cell cycle regulators in 

HLHS patients [85]. Neonatal hearts also showed an uneven distribution of blood vessels 

with some areas having inadequate perfusion [86].

Studies by Perryman et al. [87] and Miyamoto et al. [71,88] showed that tissue from HLHS 

single ventricles (SV) have distinct gene expression profiles that are indicative of cardiac 

remodeling recapitulated in failing ventricles of adult-acquired heart failure. The hallmark 

of the “fetal gene pattern” (FGP) is characterized by a change in the α versus β-myosin 

heavy chain (MHC) ratio [87], upregulation of B-type natriuretic peptide (BNP) and atrial 

natriuretic peptide (ANP) [87] as well as a decrease in sarcoplasmic reticulum calcium-

adenosine triphosphate 2a (SERCA2a) [87,88], a Ca+ ATPase that transports calcium into 

the sarcoplasmic reticulum from the cytosol, thereby modulating myocardial contraction. A 

similar gene expression pattern is observed in HLHS SV tissues. Similarly, β-adrenergic 

receptor (β-AR) density is decreased and β-AR function is altered in HLHS SV patients, 

which has implications in the utility of medications such as β-blockers. To date, βblockers 

have shown mixed results in the SV population in small studies with inadequate power to 

evaluate HLHS patients alone [89–92].

In adults with acquired heart failure, progression of disease is driven by cardiac fibrosis 

[93]. However, tissue explants from HLHS SV, both with and without heart failure, did not 

show histological or gene expression profiles suggestive of on-going fibrosis. While these 

patients were predominantly infants, where intrinsic myocardial dysfunction may dominate 

the pathophysiology of heart failure, this may not reflect the pathophysiology of heart failure 

in HLHS adults, where circulating fibrotic markers have been found to be elevated [94,95]. 

Similarly, studies that compared RV from biventricular hearts versus HLHS hearts showed 

dysregulation in gene expression of calcium handling, β-adrenergic activity and cytoskeletal 

structure, amongst others as noted in Table 3.

Explanted fetal HLHS hearts have provided insight into developmental differences in 

HLHS SV. Gaber et al. [96] demonstrated that fetal LVs had an increase in HIF-1α, 

a transcription factor involved in transcriptional response to hypoxia, and decreases in 

vascular endothelial growth factor (VEGF) and Thymosin β4, which recruit cardiac and 

vascular progenitor cells. Additionally, markers of DNA damage and cell senescence were 

upregulated in HLHS fetal hearts. These studies provide insight into possible mechanisms 

causing LV hypoplasia during embryogenesis. Furthermore, these studies suggest that there 

are structural, functional and phenotypic differences in HLHS cardiomyocytes that drive 

cardiac dysfunction which may have implications beyond hemodynamic limitations imposed 
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by the single ventricle alone. Fully categorizing these differences as hallmarks of HLHS 

versus interpatient variability in HLHS patients is essential in guiding medical therapy.

3. The bench

3.1. Animal models of HLHS

Liu et al. described the first animal model of HLHS, generated through random mutagenesis, 

which supported the hypothesis of a “two hit” genetic model for the disease [57]. However, 

given that some of the mice had a VSD and a double outlet right ventricle (DORV) 

phenotype, the study was unable to show an exclusive correlation of the implicated gene 

mutations with the HLHS phenotype.

Animal models are integral to understanding genotype-phenotype correlation in diseases 

when the implicated genes are functionally preserved across species. Despite the limitations 

of the study by Liu et al., the study demonstrated that severe CHD involves dysregulation of 

the cell cycle and cell proliferation, abnormal subcellular structures including mitochondria 

and centrosomes and abnormalities in cardiac development and signaling molecules such 

as Notch, BMP, TGF and PPAR. These observations further confirm intrinsic cellular 

abnormalities within the myocardium that contribute to their multiple comorbidities beyond 

their single ventricle physiology alone.

3.2. Cell culture and potential of disease-in-a-dish model

While frozen sections of HLHS cardiac tissues and explanted HLHS hearts have provided 

great insights into gene expression profiles and structural variations, tissue samples from 

these sources cannot provide insight into the dynamic perturbations associated with HLHS 

nor the efficacy of therapeutic drugs in addressing pathology.

Various groups have derived iPSCs from HLHS patients and differentiated them into 

cardiomyocytes. Studies involving a single cell line derived from a single HLHS patients 

have independently shown deficiencies in HLHS derived myocyte structure and function 

[97]. However, given the intra- and inter-culture variability associated with iPSC derived 

cells, it was unclear if these differences were associated with HLHS pathology. Other studies 

involving multiple cell lines from various patients have been simultaneously conducted by 

various groups and these studies have confirmed that iPSC derived HLHS cardiomyocytes 

have reduced beating rate, a disorganized sarcomeric structure, reduced response to β1 

agonists and dysfunction of the sarcoplasmic reticulum [87,97,98]. Furthermore, these 

differences correlate well to differences in gene expression analysis performed by rt-PCR as 

well as tissue RNA sequencing.

Given the lack of viable animal models to study HLHS in molecular detail beyond its 

genomic abnormalities, iPSCs are a promising alternative to evaluate cellular physiology and 

study mechanistic basis of the pathology driving the disease and its comorbidities. However, 

iPSCs generate immature cardiomyocytes and can have variable levels of expression of 

receptors and proteins that may not fully represent the cellular physiology of HLHS 

cardiomyocytes. Hence, it is essential to characterize limitations in using iPSC to model 

HLHS. While channelopathies [99] and metabolic diseases have been successfully translated 
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to iPSCs, specific cellular mechanisms including calcium handling, electrophysiology, β-

adrenergic stimulation and conduction velocity may have limitations that will need to be 

differentiated from its phenotypic disease [100].

4. From bench to bedside

4.1. Gene therapy

The ability to make molecular modification to genes with newer technologies such as 

“Clustered Regularly Interspaced Short Palindromic Repeats” (CRISPR) [57,101,102] 

carries promise towards eliminating HLHS in-utero altogether. However, the genetic factors 

contributing to HLHS are poorly understood and studies point to a multifactorial etiology 

involving genetic, epigenetic as well as environmental factors, making gene therapy a 

limited option with our current understanding of this disease.

4.2. Regenerative medicine and stem cell therapies

In response to pressure overload, as is experienced by the HLHS SV, the normal 

myocardium responds by undergoing myocyte hypertrophy, angiogenesis and increased 

antioxidant activity to counter the increased oxidative stress [103–105]. In HLHS patients, 

the systemic right ventricle does not have the same adaptive response as the left 

ventricle and consequently, myocyte hypertrophy is not followed by a proportional 

increase in capillary density [86,106,107]. This perfusion mismatch leads to ischemia and 

decompensated heart failure. Hence, regenerative therapies have focused on providing pro-

angiogenic factors that facilitate formation of new blood vessels to support the increasing 

mass of the RV. Various cell sources that provide angiogenic factors in a paracrine manner 

have emerged as promising frontiers to facilitate angiogenesis. A comprehensive review of 

these various cell sources and their impact has been described recently by Bittle et al. [108] 

and others [109].

Mesenchymal stem cells (multipotent cells derived from the bone marrow), cardiospheres 

(self-assembling multicellular clusters of cardiac explants), umbilical cord blood cells 

(UCB), and c-kit cardiac progenitor cells (stem cells derived from the myocardial tissue) 

have been tested in animal models of cardiac dysfunction and clinical trials involving 

humans. c-kit cells have been extensively studied in the pediatric population and have been 

found to improve LV function and fibrosis [110]. Neonatal c-kit cells are more potent than 

adult cells, and also more abundant within the myocardium. Similarly, UCB cells were 

found to provide clinical benefit to myocardial function and Phase 1 studies have shown 

safety and feasibility with intra-myocardial injections [111].

While mechanistically, stem cells have been shown to improve myocardial function 

through paracrine signaling, current challenges associated with translating this therapy into 

humans are associated with retention of cells after engraftment. Studies have shown that 

intracoronary injection of stem cells in patients allows for only 0–0.97% of myocardial 

retention after 24 h from initial delivery [112]. Similarly, following intramyocardial injection 

of cells, studies have reported a survival and retention rate of around 11.3% [113]. 
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Engineering delivery solutions that aid cell retention and viability will make cell therapy 

a potent intervention for patients across the board.

4.3. Tissue engineering and regeneration

Curing HLHS by growing the underdeveloped left heart structures would be an adventurous 

long-term goal for any scientist in regenerative medicine. Efforts towards engineering 

cardiac tissues, blood vessels and valves in a laboratory, that can then be implanted into 

patients such as those with HLHS is a non-trivial task and involves solving immense 

limitations within the tissue engineering field. Amongst these many challenges include 

generating complex tissue structures that have a functional vasculature, and constructs with 

mature cardiomyocytes that have the functional capacity to meet the cardiac demands of the 

patient. A detailed description of these limitations has been described by Chery et al. [109].

Given the inherent structural and functional differences of HLHS cardiomyocytes, it is 

likely that using endogenous multipotent cells from patients may propagate these limitations 

through any endogenously stimulated or engineered tissue. Hence, genetically modifying the 

cell source to correct these abnormalities adds an additional level of complexity in tissue 

engineering constructs. Allogeneic cells are considered to be more feasible for development 

of constructs, albeit with concerns of cellular rejection due to immunogenicity. iPSC banks 

that can match donor and recipient HLA types have been proposed to address these concerns 

of immune rejection and are still in the exploratory stage in many countries [114]. Given 

these challenges, tissue engineering of cardiac structures is not an immediately attainable 

goal for HLHS patients.

5. Conclusion

HLHS is a complex cardiac disease with an atypical and diverse molecular pathophysiology. 

Given the absence of viable animal models, understanding this molecular pathophysiology 

is particularly challenging. However, hiPSC based cardiac tissue constructs can help bridge 

the gap in providing a translational model for understanding this disease. While cell therapy 

and tissue engineering have immense potential for providing lasting cure for these patients, 

continued efforts in optimizing these technologies are necessary to bring these therapies to 

the bedside. To advance this field so that it truly benefits patients, an integrative approach 

that involves strategies from bedside to bench and then back to the bedside are essential as 

depicted in Fig. 3.
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Fig. 1. 
Anatomy of the Hypoplastic Left Heart: Structures in the left heart are underdeveloped to 

varying degrees. These can include an underdeveloped LV cavity size, mitral valve, aortic 

valve and aorta. Hypoplastic left hearts can also have intra-atrial septal abnormalities that 

facilitates pulmonary venous flow into the right heart circulation as shown in the figure.
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Fig. 2. 
Staged surgical management of HLHS infants. Stage 1: Norwood operation. Main 

pulmonary artery is ligated and anastomosed to the hypoplastic aorta connecting the right 

ventricle to the systemic circulation. Pulmonary circulation is established with a modified 

Blalock-Taussig (BT) shunt. The ductus arteriosus is ligated and an atrial septectomy is 

done. Stage 2: Glenn shunt. The superior vena cava is ligated and anastomosed end-to-side 

to the right pulmonary artery. The lower part of the superior vena cava is over sewn. The 

main pulmonary artery is usually ligated, though sometimes left open as an additional 

source of pulmonary blood flow. Stage 3: Total cavopulmonary connection. Intra-atrial 

lateral tunnel baffle directs inferior vena cava flow to the superior vena cava which is 

anastomosed to the right pulmonary artery. Occasionally, fenestration is placed in baffle to 

relieve elevated pressure in lateral tunnel in early postoperative period. Reproduced with 

permission from O’Brian et al. [115]
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Fig. 3. 
Global overview of integrative research involving HLHS.
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Table 1

Co-morbidities associated with Fontan circulation.

Co-morbidity % Fontans

Heart Failure 15% [116]

Arrhythmias 7–56% [18,29]

Protein Losing Enteropathy 2.1–24% [33,117–119]

Hepatic Dysfunction 99% [36,38]

Thromboembolic Events 18–55% [40,41]

Plastic Bronchitis 4–14% [32,34,120]
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