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1 

Abstract 

Heart failure is the final clinical presentation of various cardiovascular diseases. An 

inverse relationship exists between moderate exercise and likelihood of adverse 

cardiovascular events. Phosphoinositide 3-kinase (PI3K-p110α) is a master regulator of 

exercise-induced heart growth and protection, and increased cardiac PI3K activity 

provides protection in cardiac stress settings. PI3K-based therapeutics demonstrate 

promise to treat heart disease, but a thorough understanding of the safety profile of 

increasing/decreasing PI3K is imperative as there is potential for adverse outcomes in 

settings of extreme exercise. The first study examined the impact of increasing/decreasing 

PI3K in the heart using newly generated cardiac-specific transgenic PI3K mice. Reduced 

PI3K directly contributed to increased cardiac pathology, whilst increased PI3K displayed 

no cardiac pathology. Having demonstrated the safety of PI3K, novel PI3K-based gene 

therapies and tools were developed. Adeno-associated virus (AAV) PI3K-based therapies 

represent a promising approach to treating heart failure, however significant optimisation 

is necessary for clinical translation. In the second study, a neutralising-antibody assay was 

developed to screen for neutralising particles against AAV. This assay was validated in 

serum from sheep before/after AAV administration. In the third study an optimised PI3K-

based gene therapy was developed. Optimised PI3K-AAVs transduced the mouse and 

sheep heart, and this was accompanied by increased PI3K activity. The PI3K-AAV 

construct was tested in a mouse model of ischemia-reperfusion injury. The final study 

highlights the potential of mining pre-existing cardiac profiling data sets from PI3K 

mouse models to assess whether regulating new drug targets is likely to lead to cardiac 

damage/toxicity. Collectively this thesis has 1) advanced understanding of the role of 

PI3K in the heart with implications for the safety and therapeutic window of drugs 

targeting PI3K for cardiac disease and cancer, 2) described the development and 

optimisation of a PI3K-AAV gene therapy and neutralising-antibody assay with broad 

applications in the AAV field. 
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Chapter 1. Preface 

Chapter 1, the introductory chapter comprises two parts, which provide an in-depth 

review of the current literature relating to the primary subject matter of this thesis.  

Namely, the role of Insulin-like Growth Factor 1-Phosphoinositide 3-Kinase (IGF1-PI3K) 

signalling in the heart and the present landscape of adeno-associated viral (AAV) 

mediated cardiac gene therapy. This chapter consists of two separate published articles 

which, taken together, provides a detailed overview of the critical components of all 

chapters within this thesis. 

Part 1, IGF1–PI3K-induced physiological cardiac hypertrophy: Implications for new 

heart failure therapies, biomarkers, and predicting cardiotoxicity focuses on molecular 

targets underpinning the scope of this thesis, the PI3K signalling pathway. The review 

initially introduces the relationship between exercise, physiological cardiac hypertrophy 

and cardioprotection. Molecular mechanisms involved in PI3K signalling are 

subsequently described and evidence for the critical role of PI3K in regulating exercise-

induced cardiac hypertrophy and protection is presented. Next, the review provides an 

overview of therapeutic strategies that utilise PI3K to target the failing heart and outlines 

cardiotoxicity and pathological outcomes that can be attributed to reduced cardiac PI3K. 

Lastly, the review discusses how identifying molecular distinctions between healthy and 

diseased hearts can be used as an approach for discovering novel drug targets and 

biomarkers. This review introduces and discusses key themes presented in chapters two, 

four and five. 

Part 2, Adeno-Associated Virus Gene Therapy: Translational Progress and Future 

Prospects in the Treatment of Heart Failure focuses on the translational and therapeutic 

component of the thesis. The review describes in detail recent advances in the field of 

AAV gene therapy for the treatment of heart failure. The benefits and limitations of using 

AAV as gene therapy vectors are summarised, and strategies under development to 

overcome current limitations are detailed and evaluated. Translational progress of cardiac 

AAV gene therapies in large animal models and the clinic are comprehensively 

summarised. This review introduces and discusses key themes presented in chapters three 

and four. 
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IGF1–PI3K-induced physiological cardiac 
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Chapter 2. Preface 
 

Chapter 2, Advancing knowledge of the PI3K signalling pathway, and its protective role 

in the heart investigates the safety of enhanced PI3K signalling, its relationship with 

physical activity, and the consequences of reduced PI3K signalling on cardiac function. 

The findings in this chapter provide important rationale for pursuing the subsequent 

studies presented in chapters three and four. PI3K is critical for protection against atrial 

and ventricular pathology: Implications for the reverse J-shaped relationship between 

physical activity and cardiac risk explores the cardiac physiology of transgenic mouse 

models with varying degrees (both increased and decreased) PI3K activity. In doing so, 

the window in which PI3K activity is beneficial is defined, and the safety of increased 

PI3K activity is further validated. Subsequently the role of PI3K in a setting of extreme 

exercise in both mice and humans is investigated, and potential novel markers of cardiac 

dysfunction in settings of extreme exercise are identified. 
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Chapter 2.  

PI3K is critical for protection against atrial and 

ventricular pathology: Implications for the reverse J-

shaped relationship between physical activity and cardiac 

risk 
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Weeks, A La Gerche, BC Bernardo, JR McMullen.  
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Abstract 1 

Aims: Physical inactivity, as well as extreme endurance exercise, can lead to increased 2 

cardiac risk, but the molecular mechanisms underpinning the reverse J-shaped 3 

relationship are poorly understood. Phosphoinositide 3-kinase (PI3K) is an essential 4 

regulator of exercise-induced cardiac enlargement, and enhanced IGF1-PI3K-Akt 5 

signalling is a potential therapeutic strategy for the failing heart. However, chronic 6 

elevation of IGF1 can lead to pathology. In a serendipitous discovery, we identified atrial 7 

enlargement and thrombi in mice with reduced PI3K. Here, we investigated whether too 8 

little or too much PI3K can lead to cardiac abnormalities. 9 

Methods and results: We generated cardiac-specific transgenic mice with varying 10 

degrees of PI3K activity, undertook analyses in mice subjected to regular or extreme 11 

exercise, and performed lipidomics in plasma from athletes with/without atrial fibrillation 12 

(AF). Elevated PI3K was associated with a dose-dependent increase in heart size, and 13 

preserved/enhanced function. This was not accompanied by dose response changes in 14 

Akt, but rather calsequestrin 1. Reduced PI3K led to cardiac dysfunction, fibrosis, 15 

arrhythmia, atrial enlargement and thrombi. GM3 ganglioside and TLR4 were elevated in 16 

mice with reduced PI3K, and mice subjected to extreme exercise, but not mice with 17 

increased PI3K. Dysregulation of GM3 and PI3K-related genes or lipids was identified in 18 

the extreme exercised mice, and plasma from athletes with AF.  19 

Conclusion: This study implicates reduced PI3K contributing to the association between 20 

increased cardiac risk with physical inactivity, and extreme endurance exercise, but does 21 

not support elevated PI3K contributing to cardiac pathology. Monitoring GM3 and PI3K-22 

related lipids may identify athletes at risk.  23 

 24 

Keywords: Cardiac risk, exercise, athletes, atria, arrhythmia, hypertrophy 25 

 26 
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Translational Perspective 1 

Physical inactivity or extreme endurance exercise can lead to increased cardiac risk, but 2 

the mechanisms responsible are not well understood, and identifying those at risk is 3 

challenging. We demonstrate that decreased activity of a key regulator of exercise-4 

induced hypertrophy and protection, phosphoinositide 3-kinase (PI3K), leads to cardiac 5 

dysfunction, atrial enlargement and fibrosis, and increased susceptibility to atrial thrombi 6 

in mice. We also identified evidence of dysregulation of the PI3K pathway in mice 7 

subjected to extreme endurance exercise, and plasma from veteran athletes with atrial 8 

fibrillation (AF). Assessment of plasma lipids related to the PI3K pathway may identify 9 

athletes at risk of AF, and cardiac risk in inactive individuals or patients receiving drugs 10 

that inhibit PI3K.   11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 
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Introduction 1 

The importance of physical activity or exercise for cardiovascular health is well-2 

established. Epidemiological studies have revealed strong inverse relationships between 3 

the amount of exercise performed and either the likelihood of an adverse cardiovascular 4 

event, or overall mortality1, 2.  Physical activity can also provide improved outcomes in 5 

patients following a cardiac disease diagnosis or event3, 4.  On the other hand, there are 6 

also reports that long-term extreme exercise can lead to increased risk of cardiac 7 

pathology5-7. Thus, a U- or reverse J-shaped relationship between exercise and cardiac 8 

health has been proposed, with evidence of both too little and too much exercise leading 9 

to adverse cardiac events. While the health benefits of exercise are well accepted, the 10 

“extreme exercise hypothesis” remains controversial. The exception to this is the growing 11 

body of evidence demonstrating that high volumes of extreme endurance exercise is 12 

associated with an increased risk of atrial pathology and atrial fibrillation (AF)6-13. 13 

 14 

A key feature of regular exercise training is cardiac enlargement associated with 15 

preserved/enhanced heart function, termed physiological cardiac hypertrophy14. This 16 

enlargement occurs as an adaptive response to increases in volume and pressure load 17 

during exercise training, and shown to be protective against cardiac fibrosis and cardiac 18 

dysfunction in animal cardiac stress models15, 16. Heart enlargement also occurs in a 19 

setting of cardiac disease and is referred to as pathological hypertrophy. In contrast to 20 

physiological hypertrophy, pathological hypertrophy is an independent risk factor for 21 

heart failure, and is commonly distinguished by an increase in cardiac fibrosis, a 22 

reduction in heart function, and an increase in markers of cardiac stress including atrial 23 

and B-type natriuretic peptides (ANP, BNP)14. Numerous protective signalling pathways 24 

are activated with exercise15, but evidence from multiple laboratories utilising genetic 25 

mouse models, indicates the insulin-like growth factor 1 (IGF1)-phosphoinositide 3-26 
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kinase p110α (PI3K)-PDK1-Akt-FoxO1/CEBPβ signalling axis is the most critical for 1 

exercise-induced physiological cardiac hypertrophy and protection16-25. As a 2 

consequence, enhanced activation of this signalling cascade has been proposed as a 3 

therapeutic approach for the failing heart. However, there is also evidence that chronic 4 

activation of the IGF1 pathway might lead to adverse cardiac outcomes26. Given the 5 

IGF1-PI3K-Akt pathway is a critical molecular pathway increased in the heart in response 6 

to exercise25, 27, it is important to assess the “safety profile” and “therapeutic window” of 7 

this pathway, and to determine whether it potentially contributes to the relationship 8 

between high-intensity exercise volumes and increased cardiac risk.  9 

 10 

In this study, we have focused on PI3K because 1) it is elevated in the heart with 11 

exercise27, 2) is a master regulator of exercise-induced hypertrophy and protection16, and 12 

3) a preliminary observation from our laboratory suggested that depressed PI3K may lead 13 

to atrial enlargement and thrombi formation. PI3K is a lipid kinase that catalyses the 14 

conversion of phosphatidylinositol 4,5-bisphosphate (PIP2)
 to phosphatidylinositol 15 

(3,4,5)-trisphosphate (PIP3), and this leads to downstream cardioprotective signalling. Our 16 

previous work showed that cardiac-specific heterozygote transgenic mice (Tg) with 17 

reduced PI3K activity, due to the expression of a dominant-negative PI3K (dnPI3K) 18 

mutant on one allele (dnPI3K Tg(+/-)), had smaller hearts with normal heart function 19 

under basal conditions28. The dnPI3K Tg(+/-) mice displayed a blunted hypertrophic 20 

response to swim training20, highlighting the critical role of PI3K for exercise-induced 21 

cardiac enlargement. Conversely, heterozygote Tg mice with increased cardiac PI3K 22 

activity, due to a constitutively activated PI3K mutant (caPI3K Tg(+/-)), displayed a 23 

physiological hypertrophic phenotype under basal conditions28, and were protected 24 

following myocardial infarction (MI), dilated cardiomyopathy (DCM) and pressure 25 

overload 16, 29, 30.  In a serendipitous discovery, when we unintentionally generated 26 
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homozygote dnPI3K Tg mice (dnPI3K Tg(+/+)) due to a breeding error, we found atrial 1 

thrombi in a subset of dnPI3K Tg(+/+) mice. The major goal of this study was to generate 2 

and characterize both heterozygote and homozygote PI3K Tg mice to assess: i) if a dose-3 

dependent relationship exists between increased PI3K activity and adaptive physiological 4 

hypertrophy, ii) whether a further increase in PI3K activity in homozygote caPI3K Tg 5 

mice leads to cardiac pathology and arrhythmia, as seen in some athletes undertaking 6 

extreme endurance exercise, and iii) if reduced PI3K in homozygote dnPI3K Tg mice is 7 

associated with significant cardiac pathology, dysfunction, arrhythmia and atrial thrombi.  8 

 9 

Methods 10 

To study mice with different degrees of increased or decreased PI3K activity we 11 

generated cardiac-specific heterozygote and homozygote caPI3K and dnPI3K transgenic 12 

mice i.e. caPI3K Tg(+/-), caPI3K Tg(+/+), dnPI3K Tg(+/-), dnPI3K Tg(+/+). This study 13 

represents the first generation and characterization of the homozygote mice. A detailed 14 

description of all methods is provided in the Supplementary material.  15 

 16 

Results 17 

caPI3K Tg mice display cardiac hypertrophy in a dose-dependent manner, and have 18 

preserved or enhanced systolic function 19 

PI3K activity was elevated in the ventricles of caPI3K Tg(+/-) and caPI3K Tg(+/+) mice 20 

by 2.9 and 5.1-fold, respectively, compared to Ntg (Figure 1A; PI3K activity represented 21 

by PIP). caPI3K Tg(+/+) mice showed a 1.75-fold increase in PI3K activity vs caPI3K 22 

Tg(+/-) mice (Figure 1A). Hearts of 20wk male and female mice were normalised to body 23 

weight (BW) and tibia length (TL). Heart size, heart weight (HW)/BW and HW/TL of 24 

caPI3K Tg(+/-) were increased vs Ntg in males and females (Figure 1B-D, Supp Table 1). 25 

A further increase in heart size was identified in caPI3K Tg(+/+) compared with caPI3K 26 
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Tg(+/-) (Figure 1B-D), indicating that the additional caPI3K allele and higher PI3K 1 

activity was associated with a greater hypertrophic response. Atrial weight (AW)/TL was 2 

modestly lower in male caPI3K Tg(+/-) vs Ntg, but not different in other groups (Figure 3 

1E & Supp Table 1). Lung weight (LW)/TL was comparable in all groups (Figure 1F), 4 

with no evidence of congestion or pathology at dissection.   5 

 6 

By echocardiography, LV wall thicknesses (LVPW, IVS) and estimated LV mass were 7 

significantly increased or tended to be increased in both caPI3K Tg models relative to Ntg 8 

in males and females (Fig 1G, Supp Table 2). LV systolic function based on fractional 9 

shortening was preserved or enhanced in both caPI3K Tg models (Figure 1G). In caPI3K 10 

Tg groups with enhanced systolic function, this was largely due to a decrease in LVESD 11 

(Figure 1G & Supp Table 2). Diastolic parameters were comparable between groups, with 12 

no differences for E/A ratio, E’/A’ ratio, E/E’ ratio, IVRT or MV deceleration time (Fig 13 

1H, Supp Table 3). There was no evidence of electrophysiological abnormalities based on 14 

ECG in any group vs Ntg (Figure 1I, Supp Table 4), or arrhythmia (all groups presented 15 

irregularities in cardiac rhythm for less than 4.5% of total time)(Figure 1I).  16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 
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Figure 1: Dose dependent increase in heart size of caPI3K transgenic mice and 1 

normal or enhanced heart function A) PI3K activity from immunoprecipitated p110α 2 

using a lipid kinase activity assay in ventricle tissue from 20 week old male and female 3 

mice. PI3K activity (represented by PIP) is normalised to Western blotting of 4 

immunoglobulin G (IgG). All data presented as mean±SEM. N=6 (Ntg male), 5 (Ntg 5 

female), 5 (caPI3K Tg(+/-) male), 5 (caPI3K Tg(+/-) female), 5 (caPI3K Tg(+/+) male), 6 6 

(caPI3K Tg(+/+) female). Male and female data combined; no statistical difference 7 

between male and female of the same genotype. B) Representative hearts of male (top) 8 

and female (bottom) Ntg, heterozygote caPI3K Tg (caP Tg(+/-)) and homozygote caPI3K 9 

Tg (caP Tg(+/+)) mice at dissection. Scale bar=0.2 cm. C) Representative ventricular 10 

sections of male and female Ntg, caPI3K Tg(+/-) and caPI3K Tg(+/+) mice. Scale 11 

bar=0.1 cm. LV=left ventricle, RV=right ventricle. D) Heart weight (HW) normalised to 12 

tibial length (TL). E) Atria weight (AW) and F) lung weight (LW) normalised to TL. All 13 

data are presented as mean±SEM. N=12 (Ntg male), 11 (Ntg female), 22 (caPI3K (+/-) 14 

male), 21 (caPI3K (+/-) female), 14 (caPI3K (+/+) male), 23 (caPI3K (+/+) female). * 15 

One Way ANOVA followed by correction for multiple comparisons using Tukey’s 16 

method. # P-value by Mann-Whitney U-test vs. caPI3K Tg (+/-) of same sex.  17 

G) Representative M-mode echocardiographic images from hearts of male (top) and 18 

female (bottom) Ntg, caPI3K Tg(+/-) and caPI3K Tg(+/+) mice at 20 weeks of age. Left 19 

ventricular (LV) posterior wall thickness (LVPW), echocardiography-derived LV mass, 20 

fractional shortening %, and LV end systolic dimension (LVESD). All data presented as 21 

mean±SEM. N=8 (Ntg male), 5 (Ntg female), 15 (caPI3K Tg(+/-) male), 13 (caPI3K 22 

Tg(+/-) female), 7 (caPI3K Tg(+/+) male), 10 (caPI3K Tg(+/+) female). H) 23 

Representative pulse wave Doppler (PW) echocardiographic images from hearts of male 24 

and female Ntg, caPI3K Tg(+/-) and caPI3K Tg(+/+) Tg mice at 20 weeks of age. E 25 

(early) and A (late) wave peak velocities indicated in representative images, with the E/A 26 

ratio graphed. All data presented as mean±SEM. N=3 (Ntg male), 6 (Ntg female), 6 27 

(caPI3K Tg(+/-) male), 8 (caPI3K Tg(+/-) female), 7 (caPI3K Tg(+/+) male), 13 (caPI3K 28 

Tg(+/+) female). I) Left, representative ECG traces of Ntg, caPI3K Tg(+/-) and caPI3K 29 

Tg(+/+) male and female mice at 20 weeks of age. Dots and arrows highlight R and P-30 

waves, respectively. Right, episodes of arrhythmia expressed as a percentage over an 31 

interval of 5-6 mins (further details are provided in the Data Supplement). All data 32 

presented as mean±SEM. N=8 (Ntg male), 9 (Ntg female), 9 (caPI3K Tg(+/-) male), 10 33 

(caPI3K Tg(+/-) female), 8 (caPI3K Tg(+/+) male), 7 (caPI3K Tg(+/+) female). *One 34 

Way ANOVA followed by correction for multiple comparisons using Tukey’s method. 35 
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Homozygote dnPI3K Tg mice display cardiac dysfunction, arrhythmia and atrial 1 

pathology 2 

Our previous studies which only characterized heterozygote dnPI3K Tg(+/-) mice, 3 

showed that reduced cardiac PI3K resulted in mice with small hearts but relatively normal 4 

heart function28, 31. In the current study, PI3K activity was reduced in hearts of dnPI3K 5 

Tg(+/-) and dnPI3K Tg(+/+) mice (Figure 2A), but the activity assay lacked sensitivity to 6 

detect a further decrease in PI3K activity in dnPI3K Tg(+/+)vs dnPI3K Tg(+/-). However, 7 

protein expression of total p85 (PI3K regulatory subunit) was lowest in dnPI3K Tg(+/+) 8 

hearts, and tended to be lower in homozygote mice vs heterozygote mice (Figure 2B). 9 

This decrease in p85 potentially reflects a reduction in binding stability between p85 and 10 

the truncated p110α subunit present in the dnPI3K Tg mice compared to endogenous 11 

p110α. As an additional marker to confirm a dose-response in signalling within the 12 

dnPI3K Tg models, we assessed IGF1 receptor (IGF1R) gene expression which is 13 

increased in dnPI3K Tg(+/-) mice as a feedback mechanism32. In the current study, 14 

IGF1R gene expression was elevated in dnPI3K Tg(+/-), and increased further in dnPI3K 15 

Tg(+/+) mice (Figure 2C). Both heterozygote and homozygote dnPI3K Tg mice had 16 

smaller heart weights compared with Ntg, but there was no difference between the 17 

heterozygote and homozygote mice (Figure 2D-F, Supp Table 5). Given the absence of a 18 

dose response effect of the dnPI3K transgene on heart size, we isolated adult cardiac 19 

myocytes from an additional cohort of dnPI3K Tg mice. The cell area and length of 20 

cardiac myocytes from dnPI3K Tg(+/-) mice were smaller than Ntg, and  further reduced 21 

in dnPI3K Tg(+/+)(Figure 2G). Consistent with the smaller heart size, dnPI3K Tg(+/-) 22 

also had smaller atria vs Ntg (Figure 2H, Supp Table 5). In contrast, dnPI3K Tg(+/+) had 23 

greater atrial weights than dnPI3K Tg(+/-)(Figure 2H & I). Atrial thrombi were identified 24 

in 7 of 34 homozygote dnPI3K Tg mice (Figure 2I). There was no evidence of thrombi in 25 

any Ntg or dnPI3K Tg(+/-) mice.  26 
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Figure 2: Distinct morphological phenotypes of heterozygote and homozygote 

dnPI3K transgenic mice A) PI3K activity from immunoprecipitated p85 on a lipid 

kinase activity assay in ventricle tissue from 20 week old male and female mice. PI3K 

activity (PIP) is normalised to Western blotting of immunoglobulin G (IgG). All data 

presented as mean±SEM. N=9 Ntg (5 male, 4 female), 10 dnPI3K Tg(+/-) (6 male, 4 

female), 10 dnPI3K Tg(+/+) (5 male, 5 female). B) Immunoprecipitation of PI3K 

regulatory subunit (p85) probed with a p85 antibody and normalised to Western blotting 

of IgG. N=7 Ntg (4 male, 3 female), 9 dnPI3K Tg(+/-) (5 male 4 female), 9 dnPI3K 

Tg(+/+) (4 male, 5 female). Male and female data combined; no statistical difference 

between male and female of the same genotype for A and B. C) Gene expression by 

qPCR of Igf1r relative to Hprt1 from ventricle tissue of dnPI3K Tg mice and littermates: 

N=11 (Ntg male), 11(Ntg female), 11 (dnPI3K Tg(+/-) male), 12 (dnPI3K Tg(+/-) 

female), 13 (dnPI3K Tg(+/+) male), 13 (dnPI3K Tg(+/+) female). All data presented as 

mean±SEM. D) Hearts of male (left) and female (right) Ntg, heterozygote dnPI3K Tg 

(dnP Tg(+/-)) and homozygote dnPI3K Tg (dnP Tg(+/+)) mice at dissection. Scale 

bar=0.2 cm. Lower panel highlights the range of phenotypes in the homozygote mice i.e. 

dilated chambers and enlarged atria. E) Ventricular cross-sections of male and female 

Ntg, dnPI3K Tg(+/-) and dnPI3K Tg(+/+) mice. Scale bar=0.1 cm. For dnPI3K Tg(+/+) 

in D) and E), two examples of the varying phenotype are shown. A subset of dnPI3K 

Tg(+/+) mice appeared to have dilated hearts at dissection (right). F) Heart weight (HW) 

normalised to tibial length (TL). G) Images of isolated ventricular myocytes (upper, left), 

and quantitation of myocyte area, length and width from male Ntg (N=4), dnPI3K Tg(+/-) 

(N=5), dnPI3K Tg(+/+)(N=3). *One Way ANOVA followed by correction for multiple 

comparisons using Tukey’s method. # P-value by unpaired t-test vs. dnPI3K Tg (+/-). H) 

Atria weight (AW) normalised to TL and photos at dissection I) (left, yellow arrows 

highlight thrombi). All data are presented as mean ± SEM. Panel F&H: N=14 (Ntg male), 

12 (Ntg female), 32 (dnPI3K Tg(+/-) male), 26 (dnPI3K Tg(+/-) female), 17 (dnPI3K 

Tg(+/+) male), 17 (dnPI3K Tg(+/+) female). *One Way ANOVA followed by correction 

for multiple comparisons using Tukey’s method. # P-value by unpaired t-test. I) Right, 

number of mice presenting with atrial thrombi at dissection.  
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LV wall thicknesses and estimated LV mass were generally lower in both dnPI3K Tg 1 

groups (Figure 3A). LVESD was higher, and fractional shortening lower in dnPI3K 2 

Tg(+/+) vs Ntg and dnPI3K Tg(+/-)(Figure 3A, Supp Table 6). As previously reported31, 3 

ECG parameters were relatively normal in dnPI3K Tg(+/-) vs Ntg (Figure 3B). However, 4 

there was evidence of some arrhythmia in dnPI3K Tg(+/-), particularly in females. In 5 

dnPI3K Tg(+/+) mice, there was prominent ECG abnormalities including irregular R-R 6 

intervals, and arrhythmia (Figure 3B-C, Supp Table 7).  7 

 8 

Distinct histological and molecular profiles in caPI3K Tg and dnPI3K Tg mice  9 

On histological analysis, there was no evidence of significant fibrosis in LV from any of 10 

the heterozygote or homozygote caPI3K Tg (Figure 4A) or heterozygote dnPI3K Tg 11 

(Figure 4B). By contrast, there was clear evidence of fibrosis in LV from both male and 12 

female dnPI3K Tg(+/+)(Figure 4B, collagen fibres stain blue with Masson’s Trichrome). 13 

There was also evidence of fibrosis in left atrial samples from homozygote dnPI3K mice 14 

(Figure 4C). 15 

Next, we examined the expression of genes commonly altered in a setting of pathological 16 

hypertrophy. Gene expression of Nppa (encoding ANP) and Nppb (encoding BNP) were 17 

unchanged or decreased in the ventricles of caPI3K Tg groups (Figure 4D), but were 18 

progressively increased in the dnPI3K Tg(+/-) and dnPI3K Tg(+/+)(Figure 4E). Collagen 19 

genes (Col1a1 and Col3a1) were not significantly different in the caPI3K Tg models 20 

(Figure 4D), but greater in the dnPI3K Tg models (Figure 4E). Collagen expression was 21 

generally highest in the dnPI3K Tg(+/+)(Figure 4E), consistent with the histological 22 

analysis (Figure 4B). Gene expression of Atp2a2 which encodes Serca2a was largely 23 

unchanged in the caPI3K Tg models (Figure 4D). A small but significant decrease in 24 

caPI3K Tg(+/+) females (Figure 4D), was not associated with any systolic dysfunction 25 

(Figure 1G). In contrast, there was a significant decrease in Serca2a in ventricles of male 26 
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and female dnPI3K Tg(+/+) mice (Figure 4E), and this corresponded with the systolic 1 

dysfunction in homozygote dnPI3K Tg (Figure 3A).  2 

 

 

Figure 3: dnPI3K Tg(+/+) mice display cardiac dysfunction and arrhythmia  

A) Representative M-mode echocardiographic measurements from hearts of male (top) 

and female (bottom) Ntg, dnPI3K Tg(+/-) and dnPI3K Tg(+/+) mice at 20 weeks of age. 

Left ventricular (LV) posterior wall thickness (LVPW), estimated LV mass, LV end 
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systolic dimension (LVESD), and fractional shortening %. All data presented as 

mean±SEM. N=12 (Ntg male), 7 (Ntg female), 15 (dnPI3K Tg(+/-) male), 20 (dnPI3K 

Tg(+/-) female), 13 (dnPI3K Tg(+/+) male), 11 (dnPI3K Tg(+/+) female). *One Way 

ANOVA followed by correction for multiple comparisons using Tukey’s method. B) 

Representative ECG traces of Ntg, dnPI3K Tg(+/-) and dnPI3K Tg(+/+) male and female 

mice at 20 weeks of age. Dots and arrows highlight R and clear P-waves, respectively. C) 

Left, examples of heart rate (HR) traces during ECG recordings showing 

irregularities/arrhythmia in the dnPI3K Tg mice vs Ntg. Right, percentage of mice 

displaying arrhythmia in each genotype during an interval of 5-6 mins. The threshold for 

selecting mice displaying arrhythmia was set at >4.5% based on data obtained from Ntg 

mice in Figure 1I (further details provided in the Data Supplement). Numbers within the 

bar graphs refer to the number of mice displaying arrhythmia. N=8 (Ntg male), 5 (Ntg 

female), 14 (dnPI3K Tg(+/-) male), 13 (dnPI3K Tg(+/-) female), 13 (dnPI3K Tg(+/+) 

male), 12 (dnPI3K Tg(+/+) female). 

 1 

PI3K and exercise can induce hypertrophy and protection independent of Akt 2 

Phosphorylation of Akt, the most recognized downstream target of PI3K, was increased at 3 

S473 in hearts of all caPI3K Tg groups, but unexpectedly no additional increase was 4 

observed in caPI3K Tg(+/+) vs caPI3K Tg(+/-)(Figure 5A). Since Akt is phosphorylated 5 

by PI3K at two phosphorylation sites (S473 and T308), phosphorylation at T308 was 6 

subsequently assessed. Similar to pAkt S473, pAkt T308 was elevated to a similar degree 7 

in hearts of caPI3K Tg(+/-) and caPI3K Tg(+/+) vs Ntg (Figure 5B). Further, 8 

phosphorylation in individual mice at the S473 and T308 sites were strongly correlated (p 9 

<0.0001). Within hearts of the dnPI3K Tg models, pAkt was generally lower compared to 10 

Ntg, but no difference between the heterozygote and homozygote models was observed 11 

(Figure 5C). 12 

 13 

 14 

 15 

 16 
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Figure 4: Fibrosis and cardiac stress markers in dnPI3K but not caPI3K Tg models 

A) Left - Cross sections of left ventricle (LV) from hearts of Ntg, caPI3K Tg(+/-) and 

caPI3K Tg(+/+) mice at 20 weeks of age stained with Masson’s Trichrome in males (top) 
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and females (bottom) and quantitation of % LV fibrosis (right). All data presented as 

mean±SEM. N=6 (Ntg male), 6 (Ntg female), 7 (caPI3K Tg(+/-) male), 8 (caPI3K Tg(+/-

) female), 7 (caPI3K Tg(+/+) male), 8 (caPI3K Tg(+/+) female). Magnification x40, scale 

bar=200 μm. B) Left - Cross sections of LV from hearts of Ntg, dnPI3K Tg(+/-) and 

dnPI3K Tg(+/+) mice at 20 weeks of age stained with Masson’s Trichrome in males (top) 

and females (bottom) and quantitation of  % LV fibrosis (right). All data presented as 

mean±SEM. N=4 (Ntg male), 6 (Ntg female), 8 (dnPI3K Tg(+/-) male), 7 (dnPI3K Tg(+/-

) female), 6 (dnPI3K Tg(+/+) male), 7 (dnPI3K Tg(+/+) female. Magnification x40, scale 

bar=200 μm. C) Left atrial samples from the Ntg and dnPI3K Tg models showing atrial 

fibrosis (blue) in the dnPI3K Tg(+/+) mice. D and E) Gene expression by qPCR of ANP, 

BNP, collagen 1 and 3, and Serca2a relative to Hprt1 from ventricle tissue of 20 week old 

caPI3K Tg (panel D) and dnPI3K Tg mice (panel E). caPI3K Tgs and Ntg littermates:  

N=7-8 (Ntg male), 6-9 (Ntg female), 10-11 (caPI3K Tg(+/-) male), 12-13 (caPI3K Tg(+/-

) female), 9 (caPI3K Tg(+/+) male), 14-20 (caPI3K Tg(+/+) female). dnPI3K Tg and Ntg 

littermates: N=11 (Ntg male), 11 (Ntg female), 11 (dnPI3K Tg(+/-) male), 12 (dnPI3K 

Tg(+/-) female), 13 (dnPI3K Tg(+/+) male), 13 (dnPI3K Tg(+/+) female). All data 

presented as mean±SEM. *One Way ANOVA followed by correction for multiple 

comparisons using Tukey’s method. # Unpaired t-test. 

 

Given the clear absence of a dose-dependent relationship in the caPI3K Tg models 1 

between heart size and pAkt/total Akt, and in the dnPI3K Tg models between cardiac 2 

pathology/dysfunction and pAkt/total Akt, we re-evaluated the contribution of Akt in 3 

mediating caPI3K and exercise-induced hypertrophy by revisiting prior literature and 4 

unpublished data from our prior studies. In a prior study, heterozygote dnPI3K mice and 5 

kinase dead (kd) Akt mice were subjected to swim training for 4wks, but data from the 6 

kdAkt mice had not been published. Heterozygote dnPI3K mice showed a blunted 7 

response to exercise training20, but this was not observed in kdAkt mice (Figure 5D), 8 

suggesting a contribution of PI3K-dependent but Akt-independent mechanisms in 9 

mediating exercise-induced physiological hypertrophy.  10 

 11 

 12 
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To examine other potential mediators regulated by PI3K which could contribute to the 1 

different degrees of cardiac size and/or pathology in the PI3K Tg models, we revisited a 2 

previous microarray data set from heterozygote caPI3K and dnPI3K mice29. We had 3 

recently ranked PI3K-regulated candidate genes based on P-value, and displaying an 4 

inverse gene expression relationship in caPI3K and dnPI3K hearts33. Calsequestrin 1 5 

(Casq1) was one of the top ranked genes, and of interest because it was previously shown 6 

to regulate skeletal muscle size and contractility34. However, Casq1 has been reported to 7 

be expressed in skeletal muscle, and Casq2 in cardiac muscle. We confirmed the Casq1 8 

microarray and Taqman probes were specific for Casq1, and not Casq 2 (Supplementary 9 

Figure 3), and that Casq1 is expressed in heart, together with skeletal muscle, but not 10 

kidney or liver (Supplementary Figure 4).  In the current study, qPCR revealed that Casq1 11 

was elevated in caPI3K Tg(+/-) hearts vs Ntg, and increased further in caPI3K Tg(+/+) 12 

hearts (Figure 5E). The opposite was observed in dnPI3K Tgs, with the lowest expression 13 

in dnPI3K Tg(+/+) hearts (Figure 5E). 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 
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Figure 5: A component of PI3K and exercise-induced hypertrophy is Akt-

independent A & B) Western blot images (left) and quantitation (right) of the 

phosphorylation of Akt (S473) panel A, and phosphorylation of Akt (T308) panel B in 

hearts of the caPI3K Tg models. N= 5-9 (Ntg male), 6-9 (Ntg female), 7-11 (caPI3K (+/-) 

male), 8-13 (caPI3K (+/-) female), 8-12 (caPI3K (+/+) male), 8-15 (caPI3K (+/+) female). 

C) Western blot images (left) and quantitation (right) of the phosphorylation of Akt 

(S473) in the dnPI3K Tg models. N= 6 (Ntg male), 5 (Ntg female), 8 (dnPI3K Tg(+/-) 

male), 6 (dnPI3K Tg(+/-) female), 7 (dnPI3K Tg (+/+) male), 9 (dnPI3K Tg(+/+) female). 

All data presented as mean±SEM. *One Way ANOVA followed by correction for 

multiple comparisons using Tukey’s method. D) Ntg control mice, dnPI3K Tg(+/-) mice 

and kdAkt Tg(+/-) mice were subjected to 4 weeks of swim exercise for a previous 

study20. Heart weight/tibia length (HW/TL). Data from the dnPI3K Tg(+/-) have 

previously been reported20 but not in this format, and are included as a direct comparison 

for the kdAkt Tg(+/-) mice which have not been reported. All mice are male, N=5/group. 

*One Way ANOVA followed by correction for multiple comparisons using Tukey’s 

method. E) Gene expression by qPCR of Casq1 relative to Hprt1 from ventricle tissue of 

20 week old caPI3K Tg/dnPI3K Tg mice and Ntg littermates: Left, Ntg male & female 

(N=8,9), caPI3K Tg(+/-) male & female (N=9,13), caPI3K Tg(+/+) male & female (N=5, 

20), and right: Ntg male & female (N=11,11), dnPI3K Tg(+/-) male & female (N=11,12), 

dnPI3K Tg(+/+) male & female (N=13, 13). All data presented as mean±SEM. *One Way 

ANOVA followed by correction for multiple comparisons using Tukey’s method. # 

Unpaired t-test. 

 

 

Contribution of inflammatory signalling, GM3, and defective physiological signalling in 1 

mediating pathology in a model of extreme endurance swim exercise and dnPI3K 2 

Tg(+/+) mice  3 

Regular aerobic exercise activates the IGF1-PI3K-Akt pathway in the heart, but other 4 

pathways are activated in a setting of extreme/intense endurance exercise. Prior work in 5 

rodent models of extreme endurance exercise associated with atrial enlargement and 6 

arrhythmia have shown evidence of activation of inflammatory pathways35. There is also 7 

cross-talk between the IGF1 and inflammatory pathways. We and others had previously 8 
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reported that increased levels of GM3 ganglioside, a glycosphingolipid within cellular 1 

membranes, was associated with defective IGF1R signalling, insulin resistance, 2 

dysregulation of inflammatory pathways via Toll-Like Receptor (TLR) signalling, and 3 

AF36-38. Here, we investigated the potential contribution of these pathways in a setting of 4 

extreme exercise by mining a freely available microarray data set from atria of mice 5 

which had undergone intense swim training for 6wks, and shown to have atrial 6 

enlargement, atrial fibrosis, and increased AF susceptibility35. An enrichment of genes 7 

involved with inflammatory pathways including, TLR4, NFĸβ and tumour necrosis factor 8 

α (TNFα) was previously presented in a heatmap format35, and quantified by us in a 9 

graphical format here (Figure 6A). In addition to this, we present previously unreported 10 

new data from the profiling data set including an elevation of St3gal5, the gene encoding 11 

GM3 synthase (GM3S; the enzyme responsible for the production of GM3, Figure 6A), as 12 

well as dysregulation of genes critical for physiological PI3K-Akt1-CEBPβ-Cited4 13 

signalling (Figure 6B).  14 

To assess whether GM3 and TLR4 may have contributed to the more severe pathological 15 

phenotype in the dnPI3K homozygote vs heterozygote Tg mice, we assessed GM3 lipids 16 

by mass spectrometry, and TLR4 gene expression by qPCR. TLR4 gene expression was 17 

elevated in hearts of dnPI3K Tg(+/-) vs Ntg, and elevated further in female dnPI3K 18 

Tg(+/+) versus dnPI3K Tg(+/-)(Figure 6C). By contrast, TLR4 gene expression was not 19 

significantly different from Ntg in the caPI3K Tg models (Figure 6C). Total GM3 lipids 20 

were elevated in atria from both dnPI3K Tg models to a comparable degree, and there 21 

was no change in the atria from the caPI3K Tg models vs Ntg (Figure 6D).   22 

 23 

Evidence of dysregulation of GM3 and PI3K signalling in veteran athletes with AF 24 

Given the clear evidence of cardiac dysfunction and pathology with reduced PI3K 25 

(dnPI3K Tg(+/+)) but not increased PI3K (caPI3K Tg(+/+)), we assessed whether there 26 
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was any evidence of dysregulation in IGF1R-PI3K signalling in veteran athletes with AF 1 

by assessing plasma lipid species. A description and comparison of athletes with and 2 

without AF is presented in Supplementary Table 8.  All athletes were male, and age, 3 

gender and fitness were comparable between groups. We focused on GM3 which can 4 

disrupt IGF1R-PI3K signalling, as well as phosphatidylinositol monophosphate (PIP1) 5 

and lysophosphatidylinositol (LPI) which are regulators/constituents within the inositol-6 

PI3K signalling network39(Figure 7A & B). In athletes with AF, total GM3 lipids and 7 

specific GM3 species were elevated (Figure 7C), PIP1 levels were lower (Figure 7D), and 8 

LPI levels were higher compared to athletes without AF (Figure 7E).  9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 
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Figure 6: Inflammatory signalling, GM3, and defective physiological signalling in a 

model of extreme endurance swim exercise and dnPI3K Tg(+/+) mice 

A) mRNAs related to TLR4 (Tlr4), NFĸβ (Nfkbia), TNFα (Tnfaip3) signalling & GM3 

(GM3S gene expression, St3gal5), and B) mRNAs related to the PI3K-Akt1-CEBPβ-

Cited4 pathway (Pten, Akt1, Cebpb, Cited4) by microarray in atria from sedentary mice 

(N=3), and mice subjected to 6 weeks of extreme swim exercise (N=6). Microarray 

deposited at https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-3106/. C) Gene 

expression by qPCR of Tlr4 relative to Hprt1 from ventricle tissue of 20 week old 
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dnPI3K Tg/caPI3K Tg mice and Ntg littermates: Ntg male & female (N=11,11), dnPI3K 

Tg(+/-) male & female (N=11,12), dnPI3K Tg(+/+) male & female (N=13, 13), and 

caPI3K Tg mice : Ntg male & female (N=8,9), caPI3K Tg(+/-) male & female (N=10,13), 

caPI3K Tg(+/+) male & female (N=9, 20). D) Lipidomics was performed on right atria 

from 20 week old male dnPI3K Tg and Ntg littermates (Ntg: N=7, dnPI3K Tg(+/-): N=8, 

dnPI3K Tg(+/+): N=8), and caPI3K Tg and Ntg littermates (Ntg: N=8, caPI3K Tg(+/-): 

N=8, caPI3K Tg(+/+): N=8). All data presented as mean±SEM. Unpaired t-tests for 

panels A and B. * One Way ANOVA followed by correction for multiple comparisons 

using Tukey’s method, for panel C and D. 
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Figure 7: Dysregulation of GM3 and PI3K signalling in veteran athletes with AF 

A) Lipidomics was performed on plasma from veteran athletes with and without AF. B) 

Relationship of phosphatidylinositol (PI) species, with PI3K and GM3 lipid species. 

Changes in regulators of the pathway can impact PI3K and the formation of PIP3. C) 

Total GM3 and individual GM3 lipid species.  D) Phosphatidylinositol monophosphate 

(PIP1). E) Total lysophosphatidylinositol (LPI) and individual LPI lipid species.  Data 

presented as violin plots, median with first and third quartiles. Athletes without AF, 

N=40; athletes with AF, N=40. 

 

 

 

Discussion 1 

The rationale for performing the current study arose from our interest in developing 2 

PI3K-based therapies for the failing heart, a serendipitous observation of identifying atrial 3 

enlargement and atrial thrombi in mice with reduced cardiac PI3K activity, and a 4 

knowledge gap regarding the molecular mechanisms underlying the increased cardiac risk 5 

with physical inactivity, extreme endurance exercise, and long-term activation of the 6 

IGF1-PI3K-Akt pathway. An understanding of the mechanisms responsible has important 7 

implications for understanding the “therapeutic window” of “exercise mimetics”, but also 8 

identifying individuals at risk, and developing strategies to prevent cardiac pathology. In 9 

this study, we examined the role of PI3K by studying mouse models with varying degrees 10 

of PI3K activity in the heart. Here, we found no evidence of increased PI3K activity 11 

causing cardiac dysfunction, arrhythmia, fibrosis or atrial pathology. By contrast, reduced 12 

PI3K activity in the homozygote dnPI3K mice was associated with clear evidence of 13 

cardiac dysfunction and fibrosis, as well as atrial enlargement and thrombi in a subset of 14 

mice.  15 

 16 

 17 

 18 

 19 
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No evidence that PI3K activity within physiological levels leads to cardiac dysfunction, 1 

pathology or arrhythmia 2 

It was previously shown that heterozygote caPI3K Tg(+/-) mice have increased cardiac 3 

PI3K activity, which was associated with an increase in heart weight characteristic of 4 

physiological hypertrophy, i.e. normal heart function and no evidence of cell death or 5 

fibrosis28. In the current study, we generated homozygote mice (caPI3K Tg(+/+)) with the 6 

goal of increasing cardiac PI3K activity further, but within physiological levels. 7 

Swimming or voluntary wheel running in mice for 4wks was shown to increase 8 

PI3K(p110α) activity in the heart 2-fold compared to untrained mice27. PI3K activity 9 

was elevated 2.9-fold in hearts of caPI3K Tg(+/-) and 5.1-fold in caPI3K Tg(+/+) vs Ntg, 10 

and this was associated with a greater increase in heart weight in caPI3K Tg(+/+) mice. 11 

Based on multiple measures, including atria and lung weights within a normal range, 12 

preserved cardiac function, regular ECG parameters, and absence of fibrosis, the 13 

hypertrophic response in caPI3K Tg(+/+) was characteristic of physiological hypertrophy. 14 

At the molecular level, cardiac expression of ANP, BNP, and collagen genes was 15 

comparable to Ntg or lower in caPI3K Tg(+/+) mice; consistent with previous studies in 16 

caPI3K Tg(+/-) and/or exercise trained mice20 17 14, 30. In comparing the homozygote 17 

caPI3K Tg model with previous IGF1/PI3K/Akt models presenting with evidence of 18 

cardiac dysfunction and pathology, there are some key differences. For example, 19 

transgenic mice with cardiac myocyte over-expression of IGF1 initially developed 20 

physiological hypertrophy, but this progressed to pathological hypertrophy over time. By 21 

15wks there was evidence of fibrosis in IGF1 Tg mice, and cardiac function, which was 22 

initially enhanced, progressively declined from 10wks of age. However, circulating IGF1 23 

levels were also elevated and can lead to pathology due to secondary side effects in other 24 

cardiac cell types (e.g. fibroblasts leading to fibrosis) and other organs 26. Cardiac 25 

pathology was also identified in Akt models with very high transgene expression and Akt 26 
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activity (80-fold higher than control mice)40, as well as models with inadequate 1 

angiogenesis15, 41. It remains unclear whether very high Akt activation leads to pathology 2 

due to specific or non-specific mechanisms. However, an 80-fold increase in Akt activity 3 

is well above physiological levels. Within the caPI3K models, the pAkt/total Akt ratio 4 

was increased 4-10 fold. The caPI3K Tg model does not display inadequate 5 

angiogenesis, in fact, angiogenesis was elevated in mice receiving a caPI3K gene 6 

therapy16. Within the current study, PI3K activity was chronically elevated in the hearts of 7 

caPI3K Tgs for 5 months. This is equivalent to 15yrs in humans (based on lifespan) 8 

and demonstrates that mid-long term activation of this pathway is safe in the adult mouse 9 

heart 42, 43. However, we cannot exclude the possibility that higher PI3K activity (>10-10 

fold) or with longer term chronic expression, increased PI3K could also lead to cardiac 11 

pathology. Aged caPI3K mice (20 months old) showed a very slight decline in fractional 12 

shortening (Ntg: 44.7±0.9% vs caPI3K 42.6±0.6%)42.  13 

 14 

Reduced PI3K activity contributes to cardiac dysfunction, cardiac fibrosis, arrhythmia 15 

and increased susceptibility to atrial thrombi 16 

Heterozygous dnPI3K Tg mice were previously shown to have smaller hearts with 17 

relatively normal heart function, and without evidence of cell death or fibrosis28. This 18 

phenotype had been reproducible within multiple laboratories worldwide for over 15yrs21, 19 

28, 29, 44. It therefore came as a surprise to identify atrial thrombi in dnPI3K Tg mice within 20 

a more recent study. On further assessment, it became apparent there had been a breeding 21 

error, which led to the generation of both heterozygote and homozygote dnPI3K mice, 22 

and atrial enlargement and thrombi were only present in a subset of homozygote mice. 23 

Given this unexpected observation, it was important to assess whether this result was 24 

reproducible. In the current study, both heterozygote and homozygote dnPI3K Tg mice 25 

displayed a small heart phenotype which was comparable based on heart weight. 26 
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However, dnPI3K Tg(+/+) mice displayed significant cardiac dysfunction and arrhythmia 1 

in comparison to Ntg and dnPI3K Tg(+/-), and atrial enlargement and thrombi were only 2 

present in dnPI3K Tg(+/+) mice. Some of our prior studies had implicated a decrease in 3 

PI3K leading to an accelerated heart failure phenotype in settings of pressure overload, 4 

DCM, diabetic cardiomyopathy and MI29-31, 45. However, to our knowledge, our 5 

observations in homozygote dnPI3K Tg mice represents the first study to implicate a 6 

decrease in PI3K activity directly leading to severe cardiac dysfunction, serious ECG 7 

abnormalities, atrial enlargement, atrial fibrosis, and atrial thrombi, i.e. in the absence of a 8 

cardiac stress/disease model. The current work identifying atrial enlargement and 9 

pathology in dnPI3K Tg(+/+) mice is significant because molecular mechanisms 10 

associated with atrial pathology and thrombi are not well understood46. From a clinical 11 

perspective, it also has important implications for the use of any drugs that inhibit PI3K in 12 

the heart. PI3K inhibitors are being actively developed within the cancer field, with 13 

evidence of cardiotoxicity emerging47, 48. We previously raised the concern of reduced 14 

PI3K activity in the context of pre-existing cardiac stress or pathology30, 31, 49. The current 15 

study indicates that a decrease in PI3K alone, in the absence of significant cardiac 16 

stress/pathology can also lead to adverse outcomes.  17 

 18 

Akt-independent mechanisms contribute to PI3K-induced hypertrophy and protection 19 

The phosphorylation of Akt is the best characterized downstream mediator of PI3K15, is 20 

elevated in the heart with exercise, and Akt1 has been shown to be a critical mediator of  21 

exercise-induced physiological cardiac hypertrophy21, 22. In the current study, the 22 

phosphorylation of Akt at both S473 and T308 phosphorylation sites relative to total Akt 23 

was increased in the caPI3K Tg models, but unexpectedly no difference was observed 24 

between caPI3K Tg(+/-) and caPI3K Tg(+/+) mice. Further, there was no apparent 25 

association between the phosphorylation of Akt and the degree of cardiac pathology and 26 
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dysfunction in the dnPI3K homozygote and heterozygote Tg models. Collectively, this 1 

prompted us to re-evaluate the Akt literature, as well as previous data from our own 2 

studies. An increase in heart weight and PI3K activity in the caPI3K homozygote mice 3 

compared to heterozygote mice, irrespective of Akt phosphorylation, suggests that a 4 

component of PI3K-induced cardiac hypertrophy is occurring independent of Akt 5 

phosphorylation. Consistent with this hypothesis, a kdAkt transgenic mutant was unable 6 

to completely blunt caPI3K-induced hypertrophy in mice40. Next, we re-examined the 7 

hypertrophic response of Akt1 genetic models to exercise training in prior publications. 8 

Data from previous studies showed that the blunted exercise-induced hypertrophic 9 

response was more evident in global Akt1 knockout (KO) mice than cardiac-specific 10 

kdAkt mice21, 50. The findings in the global Akt1 KO mouse model are somewhat 11 

confounded due to reduced Akt1 in other tissues, including skeletal muscle, which may 12 

have had an impact on the ability of the mice to exercise to the same degree50. On re-13 

visiting unpublished data from our own work, it was evident that the hypertrophic 14 

response of dnPI3K heterozygote mice to exercise was substantially blunted, but this was 15 

not apparent in the kdAkt mice. Together, this suggests that both caPI3K and exercise-16 

induced hypertrophy is mediated, at least in part, by a PI3K target which is independent 17 

of Akt. Consistent with this hypothesis, myocardial metabolic and mitochondrial 18 

adaptions in response to exercise have been shown to be mediated by PI3K activity 19 

through Akt-independent signalling21.  20 

To elucidate other potential mediators which might have contributed to the dose-response 21 

phenotype in the caPI3K and dnPI3K Tg models, we revisited a list of PI3K-regulated 22 

genes which we had ranked to identify genes which were inversely regulated in caPI3K 23 

and dnPI3K Tg33. Here, we show that calsequestrin 1 is increased and decreased in a dose 24 

dependent manner in the caPI3K and dnPI3K Tg models, respectively. Studies in 25 

calsequestrin 1 global KO mice indicated that calsequestrin 1 was essential for muscle 26 
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size/mass, normal sarcoplasmic reticulum development, and normal storage and release of 1 

appropriate amounts of SR Ca2+ 34. While the KO mice displayed muscle atrophy, the 2 

heart was not specifically examied34. Calsequestrin 1 was previously reported to largely 3 

or exclusively be expressed in skeletal muscle, however, a very recent report published 4 

after we commenced our own studies, has confirmed that calsequestrin 1 is expressed in 5 

the adult heart, and reduced expression makes the heart susceptible to arrhythmias51. 6 

 7 

Potential role of defective IGF1R-PI3K signalling contributing to intense exercise-8 

induced cardiac complications, and increased risk with physical inactivity 9 

To date, there is limited knowledge regarding the molecular mechanisms responsible for 10 

increased cardiac risk with “too much” or “too little” exercise/physical activity. Previous 11 

work has implicated TNFα and p38 in mediating extreme exercise-induced atrial 12 

enlargement and remodeling35. Wildtype mice subjected to extreme swimming/treadmill 13 

exercise (>70% of VO2 max) for 6wks displayed atrial enlargement, fibrosis, 14 

inflammation, and elevated TNFα-NFĸβ-p38 signalling. These features were partially 15 

prevented in TNFα KO mice or mice given a p38 inhibitor35.  16 

We previously reported that the phosphorylation of IGF1R, and PI3K activity were lower 17 

in atrial appendages of patients with AF31, 36. While it is well recognized that IGF1-PI3K-18 

Akt1- CEBPβ-Cited4 signalling is elevated in the heart with regular aerobic exercise20, 25, 19 

27, we present evidence here that this pathway is defective in a setting of extreme 20 

endurance exercise in mice (Figure 6B). This is further supported by a recent study which 21 

showed that IGF1 gene expression was lower in the atria of mice subjected to intense 22 

swim exercise for 2 weeks in mice52. Consistent with the idea that defective IGF1-PI3K 23 

signalling could contribute to cardiac pathology in athletes undertaking endurance sports, 24 

we show evidence of dysregulation of GM3, PIP1 and LPI lipids in plasma samples of 25 

veteran athletes with AF.  26 
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On the lower end of the physical activity curve, findings from a low capacity running 1 

(LCR) rat model are consistent with reduced cardiac PI3K contributing to cardiac 2 

pathology due to physical inactivity. LCR rats were first identified by artificial selection 3 

based on low intrinsic exercise capacity and shown to have an increased cardiovascular 4 

risk profile53. Left ventricles from LCR rats showed reduced cardiac mitochondrial 5 

capacity, and cardiac myocyte abnormalities (myocyte dysfunction, and defective 6 

contractile kinetics) which were not apparent in myocytes from LCR treated with a PI3K 7 

activator (740YP)54.  8 

 9 

Overview of IGF1-PI3K signalling with regular versus intense extreme exercise 10 

Circulating IGF1 levels increase in response to regular aerobic exercise, including 11 

increased cardiac IGF1 formation55-57. In the heart, this activates PI3K signalling which 12 

plays a role in the maintenance of cardiac structure, electrical function, improved cell 13 

survival, increased antioxidant capacity, anti-inflammatory and anti-fibrotic properties30, 14 

32, 45, 58 (Figure 8A, left panel, blue). In contrast, intense chronic exercise has been 15 

associated with increased lipopolysaccharide (LPS), reduced IGF1, upregulation of TLR 16 

signalling, activation and nuclear entry of NFĸβ, and transcription of pro-inflammatory 17 

cytokines including TNFα (Figure 8A, right panel, red)59. There is also evidence that 18 

TNFα induces an increase in gangliosides (including GM3) which contributes to defects 19 

in insulin signalling60, and that GM3 lipids can regulate TLR4 signalling38. We previously 20 

identified elevated GM3 lipids in atria from a mouse model with enlarged atria, 21 

arrhythmia and increased susceptibility to AF36. Of note, both regular aerobic exercise 22 

and extreme intense exercise induce an immune response. However, intense long-term 23 

exercise has been associated with higher levels of inflammatory mediators which can lead 24 

to cardiac pathology when endogenous protective mechanisms are overwhelmed. Prior 25 

work has suggested that PI3K inhibits cardiac inflammation and fibrosis by inhibiting 26 
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TLR4 signalling61, potentially via a mechanism involving PIP2. In a setting of elevated 1 

PI3K activation (e.g. due to regular exercise or caPI3K Tg), PI3K converts PIP2 into 2 

PIP3. Given TLR4 signalling also requires PIP2, elevated PI3K could negatively regulate 3 

TLR4 signalling due to the limited availability of the PI3K substrate (PIP2)62(Figure 8A, 4 

left panel). 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 
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Figure 8: Overview schematics A) Overview of IGF1-PI3K signalling in the heart with 

regular and extreme exercise. Circulating IGF1 and cardiac formation of IGF1 is elevated 

with regular exercise (left side, blue). PI3K activity increases the phosphorylation of Akt 

but also acts via Akt independent mechanisms to induce physiological hypertrophy. In a 

setting of increased PI3K (exercise or caPI3K Tg) PIP2 is converted to PIP3, limiting the 

availability of PIP2 for TLR4 signalling, and subsequently reducing pro-inflammatory 

cytokines. Intense extreme exercise is associated with elevated LPS, lower IGF1, and 

increased TLR4 signalling (right side, red). There is also evidence of increased GM3 in 

response to increased TNFα, which would inhibit IGF1R-PI3K signalling. Increased GM3 
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reduces membrane fluidity, and disrupts the normal interaction of IGF1R with caveolins 

to induce downstream protective PI3K signalling. Collectively these signalling alterations 

will contribute to cell death, fibrosis and arrhythmia. B) Potential contribution of PI3K 

signalling to the reverse J-shaped relationship between physical activity and cardiac risk. 

An inverse relationship between PI3K activity and cardiac risk is hypothesized. 

 

Conclusion 1 

In summary, the current study demonstrates that in the absence of any cardiac insult, 2 

reduced PI3K in the heart can lead to significant cardiac dysfunction, pathology, and an 3 

increased susceptibility to atrial enlargement and thrombi. Given PI3K is elevated in the 4 

heart with exercise, and increasing PI3K can restore abnormalities in a rat model with low 5 

exercise capacity and an increased cardiac risk profile, we propose that reduced cardiac 6 

PI3K contributes to the association between physical inactivity/sedentary behaviour and 7 

increased cardiovascular risk (Figure 8B). In contrast, we found a dose-dependent 8 

relationship between PI3K activity and physiological hypertrophy, with no evidence of 9 

elevated PI3K directly contributing to cardiac dysfunction and pathology. Furthermore, 10 

there is evidence of reduced IGF1/PI3K signalling with extreme exercise in a setting of 11 

increased pro-inflammatory cytokines (Figure 6A&B and 8)52, 56, 63.  It therefore appears 12 

unlikely that increasing PI3K to levels that would be attainable with exercise, would 13 

contribute to the adverse outcomes seen in a small percentage of athletes undertaking high 14 

volumes of extreme endurance exercise. However, in considering therapeutic approaches 15 

targeting PI3K and other regulators of exercise-induced protection it is important to target 16 

a physiological range, and monitor for any adverse consequences with chronic use. 17 

Finally, multiple mechanisms and factors will contribute to elevated cardiac risk in 18 

sedentary individuals and extreme endurance athletes9. Changes in PI3K alone will not 19 

completely recapitulate what is observed in humans. However, because PI3K is increased 20 

in the heart by physical activity/exercise, and a master regulator of exercise-induced 21 

hypertrophy and protection, reduced PI3K will contribute to increased cardiac risk. 22 
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Screening of lipids for dysregulation of GM3 and PI3K signalling in athletes, may 1 

identify athletes at increased risk of AF.  2 
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Data Supplement 

Methods 

Animals 

Studies were performed on male and female mice at approximately 4 months of age. Mice 

were housed in a temperature-controlled environment with a 12 h light cycle and had ad 

libitum access to standard rodent chow. Any exclusions of animals or experimental data are 

outlined in flow charts (Supplementary Figures 1 & 2). 

 

Genotyping of mice 

DNA was extracted from tail clippings and genotyping of caPI3K Tg(+/- or +/+) and dnPI3K 

Tg(+/- or +/+) mice were performed using Real-time PCR (RT-PCR) (Applied Biosystems 

7500 Fast Real-Time PCR System). A SYBR® Green PCR Master Mix (Applied 

Biosystems™) was used in conjunction with standard SYBR® Green RT-PCR cycling 

conditions. Details of primers are presented below. Expression was normalized to Stat-1 

using the 2-ΔΔCt method of quantification and caPI3K/dnPI3K gene copy numbers were 

determined using known control samples. The genotype calculation was based on the 

knowledge that a heterozygote has one copy and a homozygote has two, therefore using 

primers specific to the transgene, we could confidently determine that one less PCR cycle 

would be required to amplify the (+/+) compared to the (+/-) mice. To confirm the initial 

genotype, mice were re-genotyped at the endpoint of the study with tail clippings taken at 

dissection. 
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Gene Species Forward 
Primer 
Name 

Forward Primer 
Sequence 
5’-3’ 

Reverse 
Primer 
Name 

Reverse Primer 
Sequence 
5’-3’ 

Amplicon 
Size (bp) 

Tms & 
deg; C 
(F, R) 

Intron 
Spanning 

Single 
Peak in 
Melt 
Curve 

Dominant negative PI3K; 
DD 

Mouse m-DD 
forward 

ccctcctatctcccccataa 
 

m-DD 
reverse 

cattggggagtaaacattcca 151 60, 59 NO Y 

Constitutively active PI3K; 
QQ 

Mouse m-QQ 
forward 

ggtgaatggggaatctgaat m-QQ 
Reverse 

tatatttccccaggccaatg 137 60, 60 NO Y 

Signal transducer and 
activator of transcription 1; 
Stat1 

Mouse M-Stat1 
forward 

cagaaaagccacagcaatga m-Stat1 
reverse  

ttagtcccggacacttggtc 103 59,60 NO Y 
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Echocardiographic Assessment of Left Ventricular (LV) Structure and Function  

M-mode echocardiography was performed using a 15 MHz linear array transducer (L15-7io, 

Philips iE33 Ultrasound Machine, North Ryde, NSW, Australia) for assessment of systolic 

function, and a 40 MHz linear array transducer (Vevo 2100 Ultrasound Machine, 

VisualSonics, Toronto, ON, Canada) for assessment of diastolic function. 

Mice were anesthetized with isoflurane (3.5-4% induction, 1.7-1.8% maintenance). LV 

posterior wall and interventricular septum thickness at diastole, and LV systolic and diastolic 

chamber dimensions were measured. Fractional shortening and LV mass were calculated as: 

Fractional shortening: [(LVEDD – LVESD)/LVEDD] x 100%, LV mass: 

[(AW+PW+LVEDD)3 – LVEDD3] x 1.055.  

Pulse-wave and tissue Doppler were employed to measure parameters of LV diastolic 

function: E/A, E’/A’, E/e’ ratios, isovolumic relaxation time (IVRT) and E-wave deceleration 

time. 

 

Electrocardiographic Assessment  

Electrocardiograms (ECG) were recorded in mice anesthetized with isoflurane (3.5-4% 

induction, 1.6-2.0% maintenance) by subcutaneously placing 29-gauge electrode needles into 

the right upper leg, right lower leg and chest (lead II configuration). Cardiac rhythms were 

assessed for 5-6 mins using the Powerlab system and BioAmp (ADInstruments). ECG 

parameters were analyzed using the LabChart 7 software (ADinstruments). Given p-waves 

can be difficult to detect in mice displaying arrhythmia, and QRS complexes can be 

inaccurately detected by the automated program, values were confirmed manually by 

measuring at least 20 different cardiac cycles.  

Arrhythmia criteria- Details of how arrhythmia was assessed is outlined in the figure below. 

This method was used to take into consideration differences between electrical noise on any 

given day or time between mice. Accuracy of this approach was confirmed by 2 independent 

investigators, and analysis was performed blinded to genotype. 
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Tissue dissection and morphological analysis 

Prior to dissection, mice were anaesthetized (pentobarbitone, 80 mg/kg) and killed via 

cervical dislocation. The heart, atria, and lungs were rinsed in PBS, patted dry with gauze and 

weighed. The apex of the heart was snap-frozen and kept for RNA and protein analyses, and 

the upper portion of the ventricle was kept for histology. The lower limbs were collected and 

later digested (1M NaOH for 6h, 37°C) for measurement of tibia length (TL) with a vernier 

calliper. Heart, lung and atrial weights were normalized to TL.   

 

Isolation of adult cardiac myocytes 

Ventricular myocytes were isolated from hearts of adult male mice (16-17 weeks of age) using 

the Langendorff apparatus. Heparin (1 unit/g body weight) was injected (i.p.) 15 ~ 20min prior 

to removing the heart, and mouse euthanized with lethabarb (300mg/kg) followed by cervical 

dislocation. The hearts were immediately excised and washed in cold PBS. The aorta was 

cannulated using a 22G cannula needle, and retrogradely perfused with Wash Buffer 1 (5.4 

mM KCl, 3.5 mM MgSO4, 0.05 mM sodium pyruvate, 20 mM NaHCO3, 11 mM glucose, 20 

mM HEPES, 23.5 mM sodium glutamate, 4.87 mM sodium acetate, 56 μM phenol red, sodium 

chloride 1M, 10uM EDTA, 10 mM 2,3-butanedione monoxime, 5 mM creatine, 30 mM taurine, 

0.1 IU/mL insulin, gassed with 95% O2 and 5% CO2, pH 7.25, 37oC) for 5 min at a flow rate 

2-3ml/min. After the wash, medium was replaced with Digestion Buffer 1 (Wash Buffer 1, 

3mg/mL collagenase II, 0.2% BSA) and the heart was placed in the warmed organ bath with 

continuous perfusion until digestion was complete (usually around 10~20min). The heart was 

then removed from the organ bath and placed into a 60mm culture dish. With 2ml of Digestion 

Buffer 1, ventricles were cut into small pieces using sterile fine scissors. Cell suspensions were 

filtered through 250um mesh and collected in a 15ml round bottom tube. After adding Stop 

Buffer (Wash Buffer 1, 10% FCS), suspension was centrifuged at 20g for 3min at RT. The 

supernatant was removed and pellet washed with Wash Buffer 2 (Wash Buffer 1, 1% BSA). 

Meanwhile, the undigested tissue that did not pass through the filter was transferred into a 

sterile 50mL jar with Digestion Buffer 2 (Wash Buffer 1, 3mg/mL collagenase II, 2% BSA) 

and incubated for a further 10min in a 37oC water bath while gently rocking. After the second 

digestion, the suspension was washed with Stop Buffer and Wash Buffer 2, as described above. 

Cells from the first and second digestions were then combined and further incubated for 10min 

in a 37oC water bath with Benzonase (75unit/mL, Wash Buffer 2). Cells were centrifuged and 

then underwent a series of calcium reintroductions (0.18mM, 0.45mM, 1.08mM of calcium by 
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serial diluting Stop Buffer with Plating Media; Minimum Essential Medium (MEM), 10% FCS, 

10mM 2,3-butanedione monoxime, 10min incubation at RT for each wash). After the final 

calcium reintroduction, cell pellets were diluted in Plating Media and plated in laminin 

(19ug/ml) coated (at least 1hr before experimentation) imaging dish. Plates were placed in a 

37oC incubator (95% O2, 5% CO2) for 1hr to allow myocyte attachment.  Unattached cells were 

removed by replacing the Plating Media with Maintenance Media (MEM/0.5%BSA/1% 

100xITS/1% CD lipid/1% pen strep). Photographs were taken using a microscope (Olympus 

IX71 with DP2-BSW software). Myocyte area and size (myocyte length and width) were 

measured using Fiji image processing software by converting images to binary and using the 

area and Feret’s diameter measurement. 

 

Histological Analysis 

Ventricle and atrial samples were fixed in 4% paraformaldehyde. Tissue was paraffin-

embedded, sectioned at a thickness of 4um and stained with Masson’s Trichrome (Gribbles 

Pathology, Melbourne Australia or Monash Histology Platform) to assess for interstitial 

fibrosis. Images were acquired using a BX43 light microscope (Olympus, Center Valley, PA, 

USA) at 40x magnification. Fibrosis, as assessed by the number of blue pixels (collagen), 

was quantified using Image-Pro Plus 7. The percentage of fibrosis was calculated by dividing 

the blue-stained collagen tissue (fibrotic) by the total area of the LV (combined fibrotic area 

and pink/red stained healthy myocardium tissue).  

 

Gene Expression Analyses- qPCR 

Ventricles were snap-frozen in liquid nitrogen and total RNA extraction was performed by 

homogenizing ~1/4 of a ventricle with 500ul of TRI reagent (Sigma-Aldrich, St Louis, MI, 

USA) using the homogeniser PRO 200® (Harvard Apparatus, 72-1297) and following 

manufacturer’s instructions. 

The quality and concentration of the RNA was determined using the Nanodrop spectrometer 

(Thermo Scientific, Waltham, MA, USA). cDNA was synthesized using 2ug of RNA with 

the High-Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA, 

United States) according to the manufacturer’s instructions. RT-PCR was performed using 

the TaqMan® Fast Advanced Master Mix and TaqMan® probes (Life Technologies) and ran 

on the Applied Biosystems 7500 real-time PCR machine following the manufacturer’s 

instructions. The RT-PCR was performed in triplicate by multiplexing the specific gene of 
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interest (details provided in table format below) and the housekeeping gene Hypoxanthine 

phosphoribosyltransferase 1 (Hprt1) in each well. Hprt1 was used to standardize for cDNA 

concentration and the 2-ΔΔCt method of quantification was used for analysis. Mean CT values 

greater than 40 were considered undetermined. An SD <0.5 between technical replicates was 

used. 
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Gene TaqMan® Gene 
Expression Assay 

Amplicon 
Length (bp) 

Exon Spanning Dye RefSeq 

natriuretic peptide type A; ANP 
(Nppa) 

Mm01255747_g1 85 Yes FAM NM_008725.2 

natriuretic peptide type B; BNP 
(Nppb) 

Mm01255770_g1 68 Yes FAM NM_001287348.1 
NM_008726.5 

ATPase, Ca++ transporting, cardiac 
muscle, slow twitch 2; SERCA2a 
(Atp2a2) 

Mm01201431_m1 90 Yes FAM NM_001110140.3 
NM_009722.3 
NR_027838.1 

collagen, type I, alpha 1; Collagen 1 
(Col1a1) 

Mm00801666_g1 89 Yes FAM NM_007742.3 

collagen, type III, alpha 1; Collagen 
3 (Col3a1) 

Mm00802300_m1 88 Yes FAM NM_009930.2 
 

insulin-like growth factor 1 
receptor (Igf1r) 

Mm00802831_m1 
 

106 Yes FAM NM_010513.2 
 

toll-like receptor 4 (Tlr4) Mm00445273_m1 87 Yes FAM NM_021297.2 
 

calsequestrin 1 (Casq1) Mm00486725_m1 77 Yes FAM NM_009813.2 
 

Hypoxanthine guanine 
phosphoriboxyl transferase (Hprt1) 

Mm01545399_m1 81 Yes VIC NM_013556.2 
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Gene expression- microarray 

Data was mined from a previous microarray study assessing gene expression in atrial samples 

from adult male mice which had been subjected to extreme swim exercise for 6 weeks27. 

Microarray deposited at https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-3106/ 

(accession code: E-MTAB-3106).  

  

Western Blotting 

Protein extraction and quantitation was performed as previously described28. Cardiac tissue 

lysates containing 75ug of protein were separated by SDS-PAGE. Protein was immobilized 

to a polyvinylidene difluoride (PVDF) membrane (MERCK, Frankfurt, Germany) using the 

wet tank transfer method at 4°C for 16 hours at 9 volts. Membranes were blocked with 5% 

skim milk in Tris-buffered saline and 0.1% Tween 20 (TBST). Membranes were probed with 

the following antibodies: p-AKT (Ser473) (Cell Signalling #9271, 1:500), p-AKT (T308) 

(Cell Signalling #9275, 1:500), and AKT (Cell Signalling #9272, 1:1000). Membranes were 

incubated with anti-rabbit antibodies conjugated to HRP. Proteins were visualized using 

SuperSignal® West Pico PLUS Chemiluminescent Substrate (Thermo Scientific).  

 

PI3K Lipid Kinase Activity Assay 

A lipid kinase activity assay was used to measure PI3K activity in ventricular tissue, as 

described 23, 29. Briefly, 500ug of protein was immunoprecipitated using an anti-p110α 

antibody (#4249, Cell Signalling) and combined with Protein A Sepharose CL-4B beads (GE 

Healthcare, 17-0780-01) according to the manufacturer’s instructions. 10µl of a 1:1 ratio of 

phosphatidylinositol and phosphatidylserine were sonicated in 30µl of HEPES buffer (1M 

HEPES, 40mM EDTA, 1M DTT and 0.015% NP-40) and added to immunoprecipitated 

protein attached to the Sepharose beads. This was followed by the addition of ATP and 10 

µCi of [γ-32P]ATP (PerkinElmer, BLU502A250UC). The reaction was created by shaking 

(1400 RPM) for 10 mins at RT and stopped using 2M HCl. The addition of 160ul of 1:1 

chloroform-methanol mixture was used to extract the lipids. The organic phase was collected 

and the phospholipid product resolved on a thin liquid chromatography (TLC) plate (Merck, 

1.05553.0001) overnight in an acidic solvent system containing 65:35 isoproponal:2M acetic 

acid. After drying, the TLC plates were subjected to autoradiography film (GE Healthcare, 

28906845) at -80°C. The radiolabeled signal was standardized against immunoglobulin G 

signals from Western blots of remaining immunoprecipitates. 

https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-3106/
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Supplementary Table 1: Morphology of male and female Ntg, caPI3K Tg (+/-) and caPI3K Tg (+/+) mice. 

Table shows age, body weight (BW), heart weight (HW), atria weight (AW), lung weight (LW), and tibia length (TL). All data presented as 

mean ± SEM. One-way ANOVA followed by correction for multiple comparisons using Tukey’s method. *P<0.01 vs. Ntg of same sex; † 

P<0.05 vs caPI3K Tg (+/-) of the same sex. # P-value by Mann-Whitney U-test vs. caPI3K Tg (+/-) of same sex (data not normally distributed 

using the Shapiro-Wilk normality test).  

 
Male Female 

Genotype Ntg caPI3K Tg  (+/-) caPI3K Tg (+/+) Ntg caPI3K Tg (+/-) caPI3K Tg (+/+) 

No. of animals 12 22 14 11 21 23 

Age (weeks) 20.5 ± 0.2 20.5 ± 0.1 20.8 ± 0.2 20.8 ± 0.1 20.7 ± 0.1 20.9 ± 0.1 

Body Weight (g) 33.4 ± 0.8 32.4 ± 0.4 32.1 ± 0.7 26.3 ± 0.7  26.6 ± 0.4 25.9 ± 0.4 

Tibia Length (mm) 16.8 ± 0.1 16.6 ± 0.1 16.6 ± 0.1 16.6 ± 0.0 16.6 ± 0.0 16.6 ± 0.0 

Heart Weight (HW, mg) 142.7 ± 4.5 166.8 ± 3.7* 175.1 ± 1.8* 
(#P=0.008) 

110.0 ± 1.9 139.7 ± 2.0* 152.2 ± 1.7*† 

Atria Weight (AW, mg) 10.3 ± 0.3 9.1 ± 0.3* 9.5 ± 0.3 7.2 ± 0.3 7.4 ± 0.3 7.6 ± 0.3 

Lung Weight (LW, mg) 143.5 ± 2.2 139.3 ± 2.5 137.8 ± 3.5 134.3 ± 1.9 134.9 ± 1.6 131.5 ± 1.9 

HW/BW (mg/g) 4.29 ± 0.11 5.17 ± 0.12* 5.40 ± 0.15* 4.22 ± 0.16 5.28 ± 0.10* 5.91 ± 0.01*† 

HW/TL (mg/mm) 8.51 ± 0.24 10.02 ± 0.20* 10.55 ± 0.11* 
(#P=0.003) 

6.63 ± 0.10 8.41± 0.12* 9.20 ± 0.95*† 

AW/TL (mg/mm) 0.62 ± 0.02 0.54 ± 0.02* 0.57 ± 0.02 0.43 ± 0.02 0.45 ± 0.02 0.46 ± 0.02 

LW/TL (mg/mm) 8.56 ± 0.14 8.38 ± 0.14 8.31 ± 0.22 8.10 ± 0.10 8.12 ± 0.09  7.94 ± 0.11 
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Supplementary Table 2: Systolic echocardiographic measurements from hearts of male and female Ntg, caPI3K Tg (+/-)  and caPI3K Tg (+/+)  

mice at 20 weeks of age. 

Heart rate (HR), left ventricular (LV) posterior wall thickness (LVPW) and interventricular septum thickness (IVS) at diastole,  LV end diastolic 

dimension (LVEDD), LV end systolic dimension (LVESD), fractional shortening % (FS %), echocardiography-derived LV mass. All data 

presented as mean ± SEM. One-way ANOVA followed by correction for multiple comparisons using Tukey’s method. * P<0.05 vs. Ntg of same 

sex. # P-value by unpaired t-test vs. Ntg of same sex. 

 
Male Female 

Genotype Ntg caPI3K  Tg (+/-) caPI3K Tg (+/+) Ntg caPI3K Tg (+/-) caPI3K Tg (+/+) 

No. of animals 8 15 7 5 13 10 

Age (weeks) 20.1 ± 0.1 20.2 ± 0.1 20.5 ± 0.2 20.5 ± 0.1 20.4 ± 0.1 20.6 ± 0.1 

HR (bpm) 569 ± 15 537 ± 18 544 ± 19 579 ± 19 540 ± 17 518 ± 14 

LVPW (mm) 0.83 ± 0.04 0.97 ± 0.04 
(#P=0.02) 

1.13 ± 0.09* 0.81 ± 0.04 1.00 ± 0.03* 1.01 ± 0.02* 

IVS (mm) 0.84 ± 0.03 1.00 ± 0.04* 1.08 ± 0.06* 0.79 ± 0.06 0.92 ± 0.04 
(#P=0.054) 

0.95 ± 0.04 
(#P=0.04) 

LVEDD (mm) 4.03 ± 0.09 3.74 ± 0.09 3.60 ± 0.12* 3.76 ± 0.09  3.42 ± 0.07* 3.52 ± 0.08  

LVESD (mm) 2.63 ± 0.09 2.26 ± 0.11 
(#P=0.03) 

1.98 ± 0.16* 2.34 ± 0.14 1.86 ± 0.06* 1.99 ± 0.09 (#P=0.05) 

FS (%) 34.7 ± 1.3 39.9 ± 2.3 45.4 ± 3.0* 37.9 ± 2.6 45.4 ± 1.6* 43.5 ± 1.7 

Estimated LV 
Mass (mg) 

126.1 ± 5.5 141.1 ± 4.7  
(#P=0.06) 

157.4 ± 7.0* 105.9 ± 2.9 119.4 ± 5.5 127.6 ± 3.8* 
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Supplementary Table 3: Diastolic echocardiographic measurements from hearts of male and female Ntg, caPI3K Tg (+/-) and caPI3K Tg (+/+) 

mice at 20 weeks of age. 

Heart rate (HR) independently determined during both pulse wave Doppler and tissue Doppler analysis, E(mm/s)/A (mm/s) ratio (E/A), 

isovolumic relaxation time (IVRT), mitral valve deceleration time (MV DT),  E’ (mm/s)/A’ (mm/s) ratio (E’/A), E (mm/s)/E’ (mm/s) ratio 

(E/E’). All data presented as mean ± SEM. One-way ANOVA followed by correction for multiple comparisons using Tukey’s method. * P<0.05 

vs. Ntg of same sex. Due to an inability to clearly separate E and A waves, some animals were excluded from analyses.  

 
 

Male Female 

Genotype Ntg caPI3K Tg (+/-) caPI3K Tg (+/+) Ntg caPI3K Tg (+/-) caPI3K Tg (+/+) 

Pulse-wave 

Doppler 

No. of 

animals 
3 6 7 6 8 13 

HR (bpm) 536 ± 20 513 ± 16 522 ± 12 505 ± 12 510 ± 18 492 ± 7 

E/A 1.53 ± 0.37 1.42 ± 0.20 1.33 ± 0.10 1.31 ± 0.08 1.46 ± 0.16 1.35 ± 0.05 

IVRT (ms) 11 ± 1 13 ± 1 13 ± 0 13 ± 1 14 ± 0 14 ± 0 

MV DT (ms) 21 ± 2 22 ± 2 19 ± 1 19 ± 2 20 ± 2 22 ± 1 

Tissue 

Doppler 

No. of 

animals 
4 6 7 5 7 12 

HR (bpm) 549 ± 18 501 ± 16 520 ± 13 480 ± 12 504 ± 14 483 ± 9 

E’/A’ 1.24 ± 0.33 0.91 ± 0.06 1.19 ± 0.07 1.28 ± 0.09 1.08 ± 0.14 1.11 ± 0.15 

E/E’ -35.46 ± 6.67 -31.37 ± 2.96 -26.87 ± 1.88 -27.39 ± 2.97 -30.38 ± 4.47 -32.62 ± 2.11 
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Supplementary Table 4: Electrocardiographic measurements from male and female Ntg, caPI3K Tg (+/-) and caPI3K Tg (+/+) mice at 20 

weeks of age. 

 
All data presented as mean ± SEM. One-way ANOVA followed by correction for multiple comparisons using Tukey’s method. * P<0.05 vs. Ntg 

of same sex. Some animals were excluded due to excessive background electrical noise, preventing accurate assessment. 

 

  

 
Male Female 

Genotype Ntg caPI3K Tg  (+/-) caPI3K Tg (+/+) Ntg caPI3K Tg (+/-) caPI3K Tg (+/+) 

No. of animals 9 10 8 9 10 7 

HR (bpm) 507 ± 11 526 ± 10 520 ± 16 528 ± 18 499 ± 9 482 ± 10 

RR interval (ms) 119.0 ± 2.7 114.7 ± 2.1 116.4 ± 3.9 114.8 ± 4.0 120.7 ± 2.7 124.9 ± 2.6 

QRS interval (ms) 9.6 ± 0.4 9.6 ± 0.2 8.9 ± 0.4 9.4 ± 0.2 9.5 ± 0.2 9.4 ± 0.3 

P Amplitude (mV)  0.15 ± 0.01 

 

0.16 ± 0.01 0.15 ± 0.01 0.17 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 

PR interval (ms) 38.1 ± 1.1 38.5 ± 0.6 37.3 ± 1.2 36.4 ± 0.6 39.4 ± 0.9 38.0 ± 1.5 

R Amplitude (mV) 1.29 ± 0.07 1.11 ± 0.05 1.16 ± 0.13 1.36 ± 0.09 1.02 ± 0.05* 1.24 ± 0.09 

Arrhythmia 
 (% of beats) 

0.63 ± 0.28 0.47 ± 0.24 0.16 ± 0.06 0.36 ± 0.19 0.11 ± 0.04 0.63 ± 0.26 
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Supplementary Table 5: Morphology of male and female Ntg, dnPI3K Tg (+/-) and dnPI3K Tg (+/+) mice. 

Table shows age, body weight (BW), heart weight (HW), atria weight (AW), lung weight (LW), and tibia length (TL). All data presented as 

mean ± SEM. One-way ANOVA followed by correction for multiple comparisons using Tukey’s method. * P<0.01 vs. Ntg of same sex; † 

P<0.05 vs dnPI3K (+/-) of the same sex. Kruskal Wallis was used for AW and AW/TL because the data were not normally distributed due to the 

presence of atrial thrombi in some mice. 

 

 
Male Female 

Genotype Ntg dnPI3K Tg  (+/-) dnPI3K Tg (+/+) Ntg dnPI3K Tg (+/-) dnPI3K Tg (+/+) 

No. of animals 14 32 17 12 26 17 

Age (weeks) 20.8 ± 0.2 20.8 ± 0.1 20.8 ± 0.2 20.8 ± 0.3 20.8 ± 0.2 20.9 ± 0.2 

Body Weight (g) 33.9 ± 1.0 32.8 ± 0.6 33.5 ± 0.8 26.1 ± 0.7 26.6 ± 0.7 27.8 ± 0.8 

Tibia Length (mm) 16.7 ± 0.1 16.8 ± 0.1 16.7 ± 0.1 16.7 ± 0.1 16.7 ± 0.1 16.9 ± 0.1 

Heart Weight (HW, mg) 134.8 ± 4.2 98.4 ± 1.6* 97.1  ± 2.6* 107.5 ± 2.2 82.8 ± 1.0* 88.2 ± 3.1* 

Atria Weight (AW, mg) 9.3 ± 0.5 7.0 ± 0.3* 10.5 ± 1.3† 6.8 ± 0.3 5.2 ± 0.2* 9.7 ± 1.1† 

Lung Weight (LW, mg) 142.7 ± 3.8 140.8 ± 1.9 138.7 ± 2.7 131.3 ± 2.9 133.1 ± 1.5 141.7 ± 5.0 

HW/BW (mg/g) 3.99 ± 0.11 3.01 ± 0.05* 2.91 ± 0.06* 4.13 ± 0.07 3.14 ± 0.06* 3.19 ± 0.11* 

HW/TL (mg/mm) 8.07 ± 0.23 5.87 ± 0.09* 5.81 ± 0.13* 6.44 ± 0.13 4.97 ± 0.05* 5.23 ± 0.18* 

AW/TL (mg/mm) 0.56 ± 0.03 0.41 ± 0.01* 0.63 ± 0.07† 0.41 ± 0.02 0.31 ± 0.01* 0.57 ± 0.07† 

LW/TL (mg/mm) 8.54 ± 0.21 8.40 ± 0.10 8.29 ± 0.13 7.86 ± 0.14 7.99 ± 0.08 8.39 ± 0.27 
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Supplementary Table 6: Systolic echocardiographic measurements from hearts of male and female Ntg, dnPI3K Tg (+/-)  and dnPI3K Tg (+/+)  

mice at 20 weeks of age. 

Heart rate (HR), left ventricular (LV) posterior wall thickness (LVPW) and interventricular septum thickness (IVS) at diastole,  LV end diastolic 

dimension (LVEDD), LV end systolic dimension (LVESD), fractional shortening % (FS %), estimated LV mass. All data presented as mean ± 

SEM. One-way ANOVA followed by correction for multiple comparisons using Tukey’s method. * P<0.05 vs. Ntg of same sex; † P<0.05 vs 

dnPI3K (+/-) of the same sex. 

 

 
Male Female 

Genotype Ntg dnPI3K  Tg (+/-) dnPI3K Tg (+/+) Ntg dnPI3K Tg (+/-) dnPI3K Tg (+/+) 

No. of animals 12 15 13 7 20 11 

Age (weeks) 20.1 ± 0.2 20.0 ± 0.2 20.1 ± 0.3 20.6 ± 0.5 20.4 ± 0.3 20.1 ± 0.4 

HR (bpm) 553 ± 17 531 ± 13 510 ± 15 528 ± 18 524 ± 9 508 ± 12 

LVPW (mm) 0.75 ± 0.03 0.60 ± 0.02* 0.56 ± 0.02* 0.66 ± 0.04 0.59 ± 0.02 0.51 ± 0.02*† 

IVS (mm) 0.69 ± 0.03 0.56 ± 0.02* 0.46 ± 0.02*† 0.61 ± 0.04 0.51 ± 0.02* 0.48 ± 0.02* 

LVEDD (mm) 4.02 ± 0.12 4.01 ± 0.06 4.22 ± 0.08 3.94 ±  0.08  3.78 ± 0.04 4.05 ± 0.07† 

LVESD (mm) 2.71 ± 0.12 2.95 ± 0.09 3.34 ± 0.11*† 2.71 ± 0.08 2.72 ± 0.08 3.40 ± 0.09*† 

FS (%) 33.1 ± 1.3 26.6 ± 1.7* 21.1 ± 1.6*† 31.3 ± 1.3 28.1 ± 1.9 16.4 ± 1.1*† 

Estimated LV 
Mass (mg) 

102.7 ± 4.8 77.2 ± 2.2* 73.0 ± 3.2* 84.1 ± 3.6 65.0 ± 1.9* 64.3 ± 2.1* 
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Supplementary Table 7: Electrocardiographic measurements from male and female Ntg, dnPI3K Tg (+/-) and dnPI3K Tg (+/+) mice at 20 

weeks of age.  

 
All data presented as mean ± SEM. One-way ANOVA followed by correction for multiple comparisons using Tukey’s method. * P<0.05 vs. Ntg 

of same sex. Some animals were excluded due to excessive background electrical noise. 

 

 

 

 
Male Female 

Genotype Ntg dnPI3K Tg  (+/-) dnPI3K Tg (+/+) Ntg dnPI3K Tg (+/-) dnPI3K Tg (+/+) 

No. of animals 8 14 13 5 13 12 

HR (bpm) 529 ± 13 520 ± 7 512 ± 11 498 ± 14 499 ± 7 514 ± 12 

RR interval (ms) 114.2 ± 2.7 115.9 ± 1.6 118.1 ± 2.6 121.1 ± 3.5 120.7 ± 1.7 117.7 ± 2.9 

QRS interval (ms) 10.0 ± 0.4 10.2 ± 0.3 10.9 ± 0.2 9.8 ± 0.2 10.6 ± 0.2 11.5 ± 0.3* 

P Amplitude (mV)  0.17 ± 0.01 

 

0.14 ± 0.01* 0.11 ± 0.01*† 0.17 ± 0.01 0.15 ± 0.01 0.09 ± 0.01*† 

PR interval (ms) 36.2 ± 0.9 37.1 ± 1.0 36.8 ± 0.9 38.4 ± 1.1 39.5 ± 0.6 39.3 ± 0.6 

R Amplitude (mV) 1.45 ± 0.11 1.30 ± 0.08 1.03 ± 0.07*† 1.58 ± 0.12 1.39 ± 0.06 1.04 ± 0.07*† 

Arrhythmia 
 (% of beats) 

0.44 ± 0.12 2.85 ± 1.52 9.41 ± 3.55 1.10 ± 1.05 6.55 ± 3.78 6.88 ± 2.98 
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Supplementary Table 8: Demographics of athletes with and without AF. 

Variables With AF 

(n=40) 

Without 

AF(n=40) 

p value  

Age (years) 63 (8) 63 (8) 0.98 

BMI (kg/m2) 25.5 (2.6) 26.0 (3.1) 0.26 

Resting Heart Rate (bpm) 54 (10) 53 (9) 0.76 

Resting Systolic Blood pressure (mmHg) 135 (22) 134 (14) 0.89 

Resting Diastolic Blood Pressure (mmHg) 75 (12) 76 (9) 0.85 

Peak VO2 (ml/kg/min) 37.5 (10.3) 36.5 (9.6) 0.64 

Peak exercise heart rate (bpm) 168 (18) 164 (14) 0.17 

Total cholesterol (mmol/L)  5.1 (1.0) 4.9 (1.0) 0.52 

HDL cholesterol (mmol/L)  1.8 (0.8) 2.2 (1.2) 0.14 

LDL cholesterol (mmol/L) 3.1 (0.9) 3.1 (0.7) 0.96 

Triglycerides (mmol/L)  1.0 (0.7) 1.2 (0.8) 0.30 

HMG-CoA reductase inhibitors ‘statins’, n (%) 9 (22.5) 11 (27.5) 0.80 

 

All data presented as mean (SD). Groups were compared using unpaired t-tests. 
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Supplementary Figure 1: Exclusion flowchart for the caPI3K Tg models. 
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Supplementary Figure 2: Exclusion flowchart for the dnPI3K Tg models. 
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Chapter 3. Preface 
 

The third chapter, A step-by-step method to detect neutralizing antibodies against AAV 

using a colorimetric cell-based assay forms part of the translational component of this 

thesis. It focuses on the development of a tool to facilitate AAV-mediated gene therapy 

research. This chapter contains a manuscript, which describes in detail a method and 

protocol for the detection of neutralising antibodies against recombinant AAV. The value 

of this protocol stems from the method being rapid, simple and cost effective. This tool 

was an important component used in the fourth chapter of this thesis. 
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Chapter 3.  

A step-by-step method to detect neutralizing antibodies 

against AAV using a colorimetric cell-based assay 

 

Submitted to and under review at ‘Journal of Visualized Experiments’, September 

2021 by S Bass-Stringer, CJ Thomas, CN May, KL Weeks and JR McMullen.  

 

As first author, S Bass-Stringer contributed ~80% to this publication. This 

included contributions to the experiments, analyses, drafting, design and editing. 

 

This manuscript is presented in the format of submission, except figures have been 

inserted within the text. 
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Summary 1 

A comprehensive laboratory protocol and analysis workflow is described for a rapid, cost 2 

effective and straight forward colorimetric cell-based assay for the detection of neutralizing 3 

elements against AAV6. 4 

 5 

Abstract 6 

Recombinant adeno-associated viruses (rAAV) have proven to be a safe and successful vector for 7 

the transfer of genetic material to treat a variety of health conditions in both the laboratory and 8 

the clinic. However, the presence of pre-existing neutralizing antibodies (NAbs) against AAV 9 

capsids poses an ongoing challenge for the successful administration of gene therapies in both 10 

large animal experimental models and human populations. Preliminary screening for host 11 

immunity against AAV is necessary to ensure the efficacy of AAV-based gene therapies as both a 12 

research tool and as a clinically viable therapeutic agent. This protocol describes a colorimetric in 13 

vitro assay to detect neutralizing factors against AAV serotype 6 (AAV6). The assay utilizes the 14 

reaction between an AAV encoding an alkaline phosphatase (AP) reporter gene and its substrate 15 

NBT/BCIP, which upon combination generates an insoluble quantifiable purple stain.  16 

In this protocol serum samples are combined with an AAV expressing AP and incubated to 17 

permit potential neutralizing activity to occur. Virus serum mixture is subsequently added to 18 

cells to allow for viral transduction of any AAVs that have not been neutralized. The NBT/BCIP 19 

substrate is added and undergoes a chromogenic reaction, which corresponds to viral 20 

transduction and in turn the neutralizing activity. The proportion of area coloured is quantitated 21 

using a free software tool to allow for the generation of neutralizing titers. This assay provides a 22 

simple, rapid and cost-effective method to detect NAbs against AAVs. 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 



121 
 

Introduction 1 

Adeno-associated viruses (AAV) are increasingly used as vectors for the delivery of gene 2 

therapies to trial treatments for a variety of health conditions that impact the cardiovascular, 3 

pulmonary, circulatory, ocular and central nervous systems1-5. The popularity of AAV vectors as a 4 

leading gene therapy platform stems from their positive safety profile, long-term transgene 5 

expression and wide-ranging tissue specific tropisms1, 6. Successful outcomes in animal studies 6 

have paved the way for over fifty AAV gene therapy clinical trials that have successfully reached 7 

their efficacy endpoints7, as well as release of the first commercially available AAV gene therapy 8 

drug approved by the US Food and Drug Administration8.  Following initial successes, AAV have 9 

continued to gain traction in both the basic and clinical research sectors as a vector of choice 10 

and are currently the only in vivo gene therapy approved for clinical use in the US and Europe9. 11 

Nonetheless, the presence of pre-existing neutralizing antibodies (NAbs) against AAV vector 12 

capsids remains a hindrance to both preclinical research, and the efficacy of clinical trials. NAbs 13 

are present in both naïve human and animal populations and inhibit gene transduction following 14 

in vivo administration of an AAV vector1. AAV seropositivity is an exclusion criterion for most 15 

gene therapy trials and therefore preliminary screening for host immunity is crucial in both the 16 

laboratory and the clinic. Establishing an assay that can detect the presence of NAbs against AAV 17 

is an essential step in the pipeline of any AAV gene therapy-based research project.  18 

Neutralizing activity is usually determined using either a cell-based in vitro or in vivo 19 

transduction inhibition assay. In vivo NAb assays usually involve administering serum from a test 20 

subject (e.g., human or large animal) into mice, followed by an AAV with a reporter gene, 21 

followed by testing for the expression of the reporter gene or corresponding antigen. In vitro 22 

assays determine NAb titers by incubating serum or plasma from a human or large animal in 23 

serial dilutions with a recombinant AAV (rAAV) that expresses a reporter gene. Cells are infected 24 

with the serum/virus mixture and the extent to which the expression of the reporter gene is 25 

inhibited is assessed compared with controls. In vitro assays are widely used for NAb screening 26 

due to their comparatively lower cost, rapidity in testing and greater capacity for standardization 27 

and validation10, 11 compared with in vivo assays. In vivo assays are often reported to have 28 

greater sensitivity12, 13, but the same claim has been made with respect to in vitro assays11, 14.  29 

To date, in vitro NAb assays have mostly used fluorescence (Green fluorescent protein) or 30 

luminescence (luciferase) as the reporter gene to detect neutralization, and although light-based 31 

methods have merit in many contexts, a colorimetric/chromogenic NAb assay may be more 32 

advantageous in some circumstances. Colorimetric assays to assess neutralization have been 33 

successfully employed for other viruses such as influenza and adenovirus15, 16. Their 34 

attractiveness stems from their simplicity, lower cost and the requirement for only everyday 35 
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laboratory apparatus and tools17. Here we provide a detailed protocol for an in vitro NAb assay 1 

against AAV that utilizes the chromogenic reaction between an AAV encoding an alkaline 2 

phosphatase (AP) reporter gene and a nitro blue tetrazolium /5-bromo-4-chloro-3-indolyl 3 

phosphate (NBT/BCIP) substrate. This step-by-step protocol was developed based on a previous 4 

report that utilized a hPLAP (human placental alkaline phosphatase) reporter gene (AAV6-hPLAP) 5 

for the detection of neutralizing activity against AAV18. This assay is cost effective, time efficient, 6 

easy to set up and requires only minimal technical skills, laboratory equipment and reagents. 7 

Moreover, the simplicity of this assay gives it the potential to be optimized for broad application 8 

across different types of cells, tissues or viral serotypes.    9 

 10 

Protocol 11 

All aspects of animal care and experimentation were conducted in accordance with Florey 12 

Institute of Neuroscience and Mental Health guidelines and the Australian Code for the Care and 13 

Use of Animals for Scientific Purposes (National Health and Medical Research Council of 14 

Australia, 8th edition, 2013). 15 

 16 

A schematic overview of the assay protocol is provided in Figure 1 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 
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Figure 1: Schematic diagram of NAb assay protocol. A) Visual representation of the NAb assay 

illustrating the primary steps involved in the three-day protocol. Briefly, cells are grown and 

plated overnight. The following day, serial dilutions of serum are prepared, incubated with AAV 

and then incubated with the cells overnight. The next day, cells are fixed, washed, incubated, 

combined with substrate and incubated again followed by imaging and quantitation. B) 

Representative images of a minimum signal control (complete AAV inhibition), a maximum signal 

control (no inhibition) and an ovine serum sample with ~50% signal inhibition. Scale bar = 0.5 

mm. 

 

 Initial preparation 1 

1.1. Serum from sheep can be collected in 8ml Vacuette serum separator tubes, left at RT 2 

for 20-30 minutes and spun down at 3000 RPM for 15 minutes. The clear supernatant is 3 

serum and is aliquoted and stored at -80°C. 4 

1.2. Heat inactivate fetal bovine serum (FBS) by placing it in a water bath at 56°C for 30 5 

minutes and swirling intermittently. For precision, place a thermometer in a second 6 

bottle containing an equivalent volume of water and add it to the heat bath at the same 7 

time as the FBS bottle. Begin timing when the thermometer reaches 56°C. 8 

1.3. Employ proper aseptic technique and cell culture practice for all subsequent steps that 9 

are performed in the cell culture hood 19, 20. All objects and the hood itself should be 10 

sprayed with 70% ethanol prior to use and cleaned with 1% sodium hypochlorite upon 11 

completion.  12 

1.4. Make complete Dulbecco's Modified Eagle Medium (DMEM) by combining high glucose 13 

DMEM with 10% heat inactivated FBS and 1% Penicillin Streptomycin. Filter using the 14 

Millipore Express Filtering System. 15 

1.5. Establish HT1080 cells and passage in a 75cm2 square flask as described in Agilent 16 

Technologies AAV-HT1080 cell culture guidelines (Catalog #240109). Create multiple 17 

frozen stocks of cells. It is advised that cells not be used after twenty passages as 18 

further passaging may influence the assay results. 19 

 20 

2. Day 1 – Plating cells  21 

2.1. Passage HT1080 cells until they reach ~80% confluency. 22 
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2.2. Wash the cells in 10 mL of pre-warmed (37°C) 1x phosphate buffered saline (PBS) and 1 

trypsinize cells for 3-4 minutes in 4 mL of pre-warmed 0.05% trypsin-EDTA. Inactivate 2 

the trypsin with 6 mL of pre-warmed complete DMEM. Calculate the number and 3 

concentration of viable cells using a haemocytometer and the trypan blue exclusion 4 

method21. 5 

2.3. Dilute the cells to a concentration of 1x105 cells/mL with complete DMEM and seed 100 6 

μl of cells/well into 96-well flat-bottomed plates (1x104 cells per well).  Incubate the 7 

plate at 37°C, 5% CO2 overnight for 16-22 hours.  8 

 9 

3. Day 2 – Infecting cells 10 

3.1. Remove plate/s from the incubator and use a light microscope to confirm cells are 11 

evenly dispersed within the wells and the confluency is roughly 50%. If cells are not 12 

within a range of 45-55% confluency, repeat the ‘Day 1’ protocol and adjust initial cell 13 

concentration accordingly. 14 

3.2. Generate serial dilutions of the serum of interest in 1.5 mL microcentrifuge tubes using 15 

pre-warmed complete DMEM as the diluent. Table 1 provides an example of how to 16 

generate a dilution cascade for triplicate samples.  17 

3.3. To perform the assay in triplicate, prepare a 7.5x106 vg/μl working solution of AAV-18 

hPLAP (this can be provided upon request) and add 66 μl of the virus working solution 19 

to each tube containing a serum dilution (330 μl total volume/dilution, see Table 1). 20 

NOTE: A no serum control, no serum and virus control and a NAb positive control 21 

sample should also be included for each run performed and under identical treatment.  22 

3.3.1. A viral working solution of 7.5x106 vg/μl is used to generate a concentration of 23 

15k viruses/cell Multiplicity of infection (MOI). 24 

3.3.2. The volume described (330 μl) accounts for triplicate samples +10% of the serum 25 

& virus mixture. Performing replicates of the assay is highly recommended for 26 

accurate determination of neutralizing activity.  27 

3.4. Mix the virus and serum by pipetting and place the tubes in an incubator at 37°C, 5% 28 

CO2 for 30 minutes to allow potential neutralization to occur.  29 

3.5. For each dilution, add 100 μl of the virus/serum mixture to each well on the 96-well 30 

plate containing 1x104 cells/well. Table 2 provides an example 96-well plate sample 31 

layout. 32 
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3.6. Wrap the 96-well plate containing cells, serum and AAV-hPLAP in foil and place in an 1 

incubator at 37°C, 5% CO2 overnight for 16-24 hours to allow AAV entry into the cells.  2 

 3 

 

Table 1: Volumes of serum and diluent required to generate serial dilutions of serum in 

triplicate. 

 

Dilution cascade  

label
Dilution

3 x sample (240 μL) + 10% 

buffer volume (24 μL)

Ratio of 

serum:media

Dilution 1 (D1) 1/2 264 μL serum 264 μL media 50:50

Dilution 2 (D2) 1/4 264 μL D1 + 264 μL media 25:75

Dilution 3 (D3) 1/8 264 μL D2 +264μL media 12.5:87.5

Dilution 4 (D4) 1/16 264 μL D3 +264 μL media 6.25:93.75

Dilution 5 (D5) 1/32 264 μL D4 +264 μL media 3.13:96.87

Dilution 6 (D6) 1/64 264 μL D5 +264 μL media 1.56:98.44

Dilution 7 (D7) 1/128 264 μL D5 +264 μL media 0.78:99.22

Dilution 8 (D8) 1/256 264 μL D5 +264 μL media 0.39:99.61

Dilution 9 (D9) 1/512 264 μL D7 + 264 μL media 0.2:99.8

Dilution 10 (D10) 1/2048 132 μL D8 + 396 μL media 0.05:99.95

Dilution 11 (D11) 1/8192 132 μL D9 + 396 μL media 0.01:99.99

Dilution 12 (D12) 1/32768 132 μL D10 + 396 μL media 0.003:99.997
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Table 2: Example 96-well plate layout for assessing naïve serum samples in dilutions ranging from 1/2 to 1/512. Higher dilutions are incorporated into 

the assay if assessing a sample known to be positive for AAV NAbs (post administration samples) or if a higher titer is required. MO (-C): Media only 

control. VO (+C): Virus and media only control. mAb: Monoclonal antibody against AAV (NAb positive control). 

 

1 2 3 4 5 6 7 8 9 10 11 12

A 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 50 ng MAb 50 ng MAb 50 ng MAb

B 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 5 ng MAb 5 ng MAb 5 ng MAb

C 1/8 1/8 1/8 1/8 1/8 1/8 1/8 1/8 1/8 0.5 ng MAb 0.5 ng MAb 0.5 ng MAb

D 1/16 1/16 1/16 1/16 1/16 1/16 1/16 1/16 1/16 MO (-C) MO (-C) MO (-C)

E 1/32 1/32 1/32 1/32 1/32 1/32 1/32 1/32 1/32 VO (+C) VO (+C) VO (+C)

F 1/64 1/64 1/64 1/64 1/64 1/64 1/64 1/64 1/64
Sample #1 

1/512

Sample #1 

1/512

Sample #1 

1/512

G 1/256 1/256 1/256 1/256 1/256 1/256 1/256 1/256 1/256
Sample #2 

1/512

Sample #2 

1/512

Sample #2 

1/512

H 1/512 1/512 1/512 1/512 1/512 1/512 1/512 1/512 1/512
Sample #3 

1/512

Sample #3 

1/512

Sample #3 

1/512

Mono AB (mAB), controls and extra 

samples
Serum sample #1 Serum sample #2 Serum sample #3
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4. Day 3 - Fixing and adding substrate to cells 1 

4.1. CAUTION: Paraformaldehyde (PFA) is a probable carcinogen and is toxic from skin or 2 

eye contact or inhalation. Handle in a fume hood with proper personal protective 3 

equipment as well as a facemask. Make fresh 4% PFA diluted in PBS (~7 mL required per 4 

96-well plate) and allow to cool to room temperature (RT). 5 

4.2. Aspirate the media from the 96-well plate and add 50 μl of 4% PFA to each well. Wrap 6 

the plate in foil and leave at RT for 10 minutes to fix the cells. 7 

4.3. Wash and aspirate the cells with 200 μl of RT PBS. Repeat washing step twice. A 8 

multichannel pipette is an efficient option for the washing steps. 9 

4.4. Pipette 200 μl of pre-warmed PBS to each well, wrap the plate in foil and incubate at 10 

65°C for 90 minutes to denature endogenous alkaline phosphatase activity. 11 

4.5. Aspirate wells and wash cells in cold (4°C) PBS. Aspirate, wash in cold double-distilled 12 

H2O (DDW) and aspirate again. 13 

4.6. Dissolve a pellet of BCIP/NBT in 10 mL of DDW by vortexing and pipette 50 μl to each 14 

well. 15 

4.7. Wrap the plate in foil and incubate at RT for 2-24 hours. NOTE: Be consistent with 16 

incubation time between runs. 17 

4.8. Using a light microscope camera, take photos of each well using a 4x objective lens and 18 

ensure that the same exposure, white balancing and light settings are used throughout. 19 

The wells should be positioned identically and the edges of the well should not be 20 

visible in the photos. Save photos as TIF format or similar.  21 

 22 

 23 

5. Quantitation to determine neutralizing activity using ImageJ  24 

5.1. Download and install the freely available software “ImageJ”: 25 

https://imagej.nih.gov/ij/download.html 26 

5.2. Open the image to be analyzed in ImageJ (Figure 2). 27 

5.3. If using colored images, convert to grayscale by selecting ‘Image’ > ‘Type ’> ‘8-bit’.    28 

https://imagej.nih.gov/ij/download.html
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5.4. Click ‘Image’ > ‘Adjust’ > ‘Threshold’. Adjust the threshold until all colored areas are 1 

covered, but the background is not. NOTE: It is recommended to use the same 2 

threshold setting for all images captured from the same plate. 3 

5.5. Click ‘Analyze’ > ‘Set Measurements’ and tick the ‘Area’, ‘Limit to Threshold’, ‘Area 4 

Fraction’  and ‘Display label’ checkboxes and click ok.  5 

5.6. The signal reading (percentage of coloration) of a given well can then be determined by 6 

clicking ‘Analyze’ > ‘Measure’. 7 

5.7. Perform quantitation for all sample replicates. Exclude any wells that are contaminated, 8 

show uneven cell distribution, or vary in cell density or lighting (See Supplementary 9 

Figure 1 for examples of wells that should be considered for exclusion. Typically, 3-4 10 

wells may require exclusion from a 96-well plate).  11 

5.8. Figure 2 provides a visual representation of the quantitation process using ImageJ. 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 
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Figure 2: Steps for determining percentage colouration using ImageJ software. A) Open the image to be analyzed with ImageJ software. B) Convert the 

image to 8-bit grayscale. C) Open the threshold window D) Adjust the maximum threshold so all coloured areas are covered but background area is not 

(this threshold should be consistent across an entire plate). E) Select the ‘Analyze’ drop box, click ‘Set measurements’ and tick ‘Area’, ‘Area fraction’, 

‘Limit threshold’ and ‘Display label’ and click ‘OK’. F) Click ‘Measure’ to measure the covered area. The % area indicates the proportion of the image that 

was coloured. This can then be used with the control samples to determine the TI50 titer.  
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6. Determination of Transduction Inhibition (TI50) titer 1 

6.1. Determine the average readout from replicates for the: 2 

 Media only control (baseline signal reading).  3 

 Virus + media only control (maximum signal reading).  4 

 5 

6.2. Calculate the percentage of inhibition using the following formula:                                        6 

100% - [(Test sample signal readout (virus + serum of interest sample) - baseline signal 7 

readout (media only)) / (maximum signal readout (media and virus only) - baseline 8 

signal readout)) x 100%] = % Transduction inhibition. 9 

6.3. Calculate the average percentage inhibition from all replicates and dilutions for each 10 

sample. 11 

6.4. The TI50 titer of the sample can be set as the lowest dilution that yields 50% or greater 12 

inhibition of hPLAP activity, e.g., if a 1/8 dilution has greater than 50% inhibition (but 13 

1/4 does not) we report the TI50 titer as 1/8. 14 

 15 

7. Determination of neutralized AAV particles 16 

7.1. The number of neutralized AAV particles per μl of serum for a given sample can be 17 

calculated by employing the following formula:  18 

 ((MOI x cell count/well) / (volume of serum / dilution factor of TI50 titer)) / 2 19 

(dividing by 2 accounts for the TI50 measuring 50% of neutralized particles) = 20 

neutralized AAV particles / μl of serum. 21 

 So, for a sample that gives a TI50 titer of 1/4 (25% serum, 75% diluent) in which 22 

the assay used 80 l of undiluted serum and an MOI of 15k was plated onto 23 

1x104 cells, we would calculate: ((15000 x 10000) / (80/4)) / 2 = 3.75x106 24 

neutralized particles / μl of serum. 25 

 26 

 27 

 28 

 29 
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Representative results  1 

Transduction assay to establish the optimal viral dosage for plate coverage  2 

We selected HT1080 cells, a well-established fibrosarcoma cell line, for this assay. A 3 

concentration of 1x104 HT1080 cells/well provided ~50% cell confluency in each well of a 96-well 4 

plate. To determine the optimal viral concentration for the assay, we added a rAAV encoding a 5 

hPLAP (human placental alkaline phosphatase) reporter gene (AAV6-hPLAP) in triplicate at a 6 

range of concentrations of vector genome (vg) containing particles per cell (MOI: 0, 150, 500, 7 

1500, 5000, 15000, 50000 & 150000 (Figure 3A)). An MOI of 15000 (1.5x108 vg/well) conferred 8 

36% plate coloration and was selected as the optimal viral dosage. A positive correlation was 9 

observed between coloration and viral concentrations for all MOI between 0 and 15000 (n=6, 10 

r=0.995, P<0.001). This concentration adequately displayed the reporter gene signal above 11 

background in the presence of high concentrations of NAbs (low plate coloration), whilst not 12 

losing sensitivity due to color saturation in the absence of NAbs (high coloration, Figure 3B).  13 

The efficacy of the assay when exposed to neutralizing elements was trialled using serial 14 

dilutions of an anti-AAV6 mouse monoclonal antibody (mAb) in triplicate. The standard approach 15 

of using the first dilution to display 50% or more transduction inhibition (TI50) was applied to 16 

determine the neutralizing titer of a given sample (see Methods). Assessing log10 dilutions, the 17 

anti-AAV6 mAb displayed a TI50 titer of ~10 ng/mL (1 ng total mAb), whilst a concentration of 500 18 

ng/mL (50 ng total Ab) and above completely inhibited reporter gene expression (Figure 3C). 19 

 20 

Assessment of NAbs against AAV6 in sheep samples 21 

Serum was collected from the carotid vein using a 16 G needle cut-off and syringe from 22 

conscious naïve healthy adult sheep (n=11) and screened to determine the TI50 titer using our 23 

colorimetric NAb assay. Two-fold serial dilutions ranging from a 1/2 to a 1/512 dilution were 24 

assessed for each serum sample in duplicate or triplicate. The 1/2 dilution contained a total of 40 25 

μl of serum, which corresponded to a concentration of 1.88x106 AAV particles per μl of serum. 26 

The degree of AAV neutralization varied within the naïve sample population, with TI50 titer values 27 

ranging from as low as 1/2 (blue line) to as high as 1/80 (green line, 1.88x106 to 7.5x107 28 

neutralized AAV particles/μl serum) (Figure 4A).  29 

 30 

 31 
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Figure 3: Optimization of viral dose & assessment of assay efficacy against an anti-AAV6 monoclonal antibody (mAB). A) Proportion of coloration (% of 

total area) for individual wells at different multiplicities of infection (MOI) and representative images (below) displaying the corresponding chromogenic 

reaction between the alkaline phosphatase (hPLAP) and NBT/BCIP for each viral dose (left). Percentage plate coverage is also displayed in tabulated 

form (right). Each data point represents a technical replicate (n=3 replicates per MOI). B) A representation of the correlation between coloration and 

MOI shown in figure 3A. The red dotted line represents the highest concentration tested that did not affect the linear correlation between coloration 

and viral concentration.  C) Neutralizing activity against AAV6 from an anti-AAV6 monoclonal antibody at log10 dilutions. 50% inhibition of AAV6 

transduction (TI50) is observed at a concentration of ~10 ng/mL. n=3 replicates per dilution. Data represent mean ± SEM.
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Subsequently, we performed direct cardiac injection (n=5) of AAV6 at doses ranging between 1 

5x1012 and 3x1013 vg to naïve sheep. Briefly, sheep were anaesthetized as previously described22. 2 

The heart was exposed from the left lateral position, the pericardium opened and AAV 3 

administered via 10-40 ~20μl injections into the LV myocardium (anterior) in region around the 4 

2nd branch of the left anterior descending coronary artery (LAD). The pericardium, intercostal 5 

muscle, subcutaneous tissue and skin were closed and anaesthetic removed. Serum was 6 

collected from all animals prior to and six to eight weeks after AAV administration from the pre-7 

cannulated right jugular vein using a 16G needle cut-off and syringe (~5ml serum/animal). The 8 

colorimetric NAb assay was employed to determine the change in NAb titer following AAV6 9 

administration. Post-AAV serum samples were screened in triplicate as 2- to 4-fold serial 10 

dilutions ranging from a 1/2 to a 1/32768 dilution. Assay results indicated that AAV inhibition TI50 11 

titer values prior to AAV administration ranged from 1/4 to 1/80 (3.75x106 to 7.5x107 neutralized 12 

AAV particles/μl serum; Figure 4B). Following AAV cardiac injection a clear and consistent 13 

contrast in the NAb titer was observed compared with pre-AAV serum titers (Figure 4B, Table 3). 14 

The lowest AAV dose (5x1012 vg) displayed a 1/2048 TI50 titer (dashed blue line, 1.92x109 15 

neutralized AAV particles/μl serum) and the remainder of the doses (1-3x1013 vg) displayed TI50 16 

titers ranging from 1/12000 to >1/32768 (1.13x1010 to >3x1010 neutralized AAV particles/μl 17 

serum).  18 

 19 

 

Table 3: Impact of AAV exposure on neutralizing activity. Neutralizing activity for sheep assessed 

both before and after receiving direct cardiac injection of a rAAV6 at varying doses. The dose 

received pre and post TI50 titers and fold change following administration are displayed. 

 

Sheep ID
Administration 

status

Dose 

received 

(vg)

NAb Titer 

(TI50)

AAV 

neutralized 

/ μl serum

Fold change 

Pre vs Post

Pre-AAV  1/5 5.6x106

Post –AAV 1/32000 3x1010

Pre-AAV 1/80 7.5x107

Post –AAV 1/16000 1.5X1010

Pre-AAV 1/16 1.5x107

Post –AAV 1/2000 1.9x109

Pre-AAV  1/4 3.8x106

Post –AAV >1/32000 >3x1010

Pre-AAV  1/8 7.5x106

Post –AAV 1/12000 2.3x1010

1x1013

1x1013

5x1012

2x1013

3x1013

Sheep 1

Sheep 2

Sheep 3

Sheep 4

Sheep 5

6400

200

125

>10000

1700
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Figure 4:  Example of neutralising antibody (Nab) assay results using ovine serum samples. A)  

Adeno-Associated Virus (AAV) neutralizing activity of serum samples collected from 11 naïve 

sheep, measured in 2-fold serial dilutions ranging from 1/2 to 1/512. Colored lines are 

representative samples with low and high neutralizing activity, grey lines represent the other 

nine samples. The dotted line represents 50% transduction inhibition (TI50) and the 

corresponding TI50 titers for the low (blue) and high (green) representative samples. B) AAV 

neutralizing activity of serum samples collected from five sheep before and after receiving a 

dose of AAV via direct cardiac injection. Neutralizing activity assessed in 2-fold serial dilutions 

ranging from 1/2 to 1/32768. Each color represents serum from a different animal, filled lines 

represent pre-AAV administration and dotted lines represent post-AAV administration. n=2-3 

replicates per dilution for each sample. Data represent mean ± SEM. 
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Discussion  1 

In this report we describe in detail a colorimetric assay which assesses the extent of AAV 2 

neutralization in a given serum sample by evaluating a chromogenic reaction that corresponds to 3 

the degree of in vitro viral transduction. The development of the protocol was based on the 4 

known chromogenic reaction between the enzyme alkaline phosphatase and NBT/BCIP which 5 

has been widely utilized as a staining tool for the detection of protein targets in applications 6 

such as immunohistochemistry, and as a reporter tool for evaluating viral transduction18, 23-25. Its 7 

merit stems from its time and cost effectiveness, accessibility, ease of setting up and performing, 8 

whilst still demonstrating a high degree of efficacy. The rAAV6 employed in this assay (AAV-9 

hPLAP) carries the reporter gene human placental alkaline phosphatase (hPLAP) and is driven by 10 

a cytomegalovirus (CMV) promoter24 (Supplementary Figure 2). NBT/BCIP is a hPLAP substrate 11 

that is initially dephosphorylated by alkaline phosphatase and sequentially undergoes 12 

oxidization to form a dimer which results in an insoluble product that is a vibrant purple color26.  13 

In selecting the optimal MOI for this assay, we aimed to establish a viral concentration that 14 

would provide sufficient expression of the AAV reporter gene through virus-cell binding, and in 15 

conjunction with the NBT/BCIP substrate, provide coloration within a range that could be 16 

accurately measured. An MOI of 15000 was selected, as it was the highest concentration tested 17 

that did not affect the linear correlation between coloration and viral concentration. Higher 18 

concentrations (50 000 and 150 000 MOI) caused the concentration-color response curve to 19 

plateau, indicating color saturation (Figure 3B). Assessment of viral MOIs between 0 and 15000 20 

(n=6) and their corresponding level of coloration resulted in r=0.995 (P<0.001), validating the 21 

sensitivity of the assay by establishing a very strong positive correlation between viral 22 

concentration and reporter-gene driven coloration. Given potential variability in factors such as 23 

cell culture conditions, laboratory technicians, techniques and equipment as well as variations in 24 

viral batches, it is recommended that any new user perform a preliminary trial assessment of the 25 

optimal MOI when establishing a NAb assay. 26 

The MOI chosen for a given NAb assay is major contributing factor in the overall titer observed 27 

for a given serum sample. If we had chosen an MOI of 5000 instead of 15000, we would 28 

anticipate a 3-fold difference in titer value. This has historically been problematic in the field of 29 

AAV gene therapy, as different pre-clinical and clinical trials have implemented AAV NAb assays 30 

with MOI values ranging from less than 1000 to as high 2500011, meaning any kind of cross-study 31 

comparison of NAb titers for a given AAV serotype is of little to no value. It has recently been 32 

suggested that reporting titers as neutralized AAV particles per μl of serum can provide values 33 

that are more comparable across different studies9, 27. There are numerous other factors that 34 

may contribute to variation in titers between studies, such as the choice of cell line, reporter 35 
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gene, incubation times and culture conditions. To facilitate the standardization of AAV NAb 1 

assays, we have reported both the titer values and neutralized AAV particles/μl of serum. 2 

It is important to include a serial dilution of a known NAb sample on every plate to act as both a 3 

positive control and a common sample between plates. This is important to identify any possible 4 

variability between separate runs. A neutralizing monoclonal antibody against the AAV of 5 

interest is an ideal positive control and standard, but a serum sample known to be positive for 6 

NAbs is also acceptable. We validated the assay’s efficacy by demonstrating that a monoclonal 7 

Ab specific to intact AAV6 particles (ADK6) can quantitatively inhibit transduction in 8 

concentration-dependent manner.  9 

Preclinical trials using large animal models provide a crucial stepping-stone between the 10 

laboratory and the clinic due to the physiological resemblance that animals such as sheep and 11 

pigs share with humans1, 28, 29. Historically, the vast majority of candidate AAV gene therapies 12 

that have made it to clinical trials have undergone preliminary trials in large animals1. Multiple 13 

studies have demonstrated that both humans and a range of large animals including sheep, pigs, 14 

dogs, rabbits and non-human primates can harbour neutralizing antibodies against AAV6 as well 15 

as many other AAV serotypes 30, 31. This highlights the importance of preliminary screening for 16 

NAbs prior to trials in both large animal models and humans. We tested serum samples from 17 

sheep that had no previously known exposure to AAV, of which 10 of 11 displayed TI50 titers 18 

<1/30 (<3x107 neutralized AAV particles/μl serum), whilst one displayed a TI50 titer of 1/80 19 

(7.5x107 neutralized AAV particles/μl serum). Five of the sheep went on to receive direct cardiac 20 

muscle injection of rAAV. Amongst all samples, administration of AAV dramatically changed the 21 

neutralizing activity, with fold change increases ranging from a 125 to a >10000 fold in TI50 titer 22 

values between pre and post AAV exposure (Table 3).  Of note, the lowest AAV6 dose 23 

administered (5x1012 vg) corresponded to the lowest post-AAV TI50 titer value (TI50 titer 1/2000) 24 

and fold change increase (125 fold). While we observed no clear evidence of pre-existing NAbs 25 

within the 11 naïve sheep at levels which would prevent AAV transduction (all TI50 titer values 26 

<1/100), data from the 5 sheep which received a direct injection of AAV would suggest a cut off 27 

for NAb positivity would be >1/1000 (based on pre- and post-AAV values). The stark difference 28 

between the pre- and post-NAb titer and the capacity to detect titers >1/32000 provides further 29 

validation of the efficacy and sensitivity of the assay. Of note, establishment of a cut-point at 30 

which a sample is deemed positive for neutralizing activity is an important subsequent step 31 

when determining a threshold for NAb positive animals. This can be determined by assessing the 32 

variability in a group (~n ≥30) naïve samples from a specific population of interest. This allows for 33 

the establishment of criteria to determine a statistically derived cut-point in which a sample is 34 

deemed positive for neutralizing activity. Alternatively, including positive control samples from 35 
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animals both pre- and post-AAV administration, as we show here (Figure 4B) can provide a clear 1 

indication of the positive titer range for neutralizing activity. Recommendations regarding the 2 

establishment of cut-point thresholds as well as validation and optimization of in vitro 3 

neutralizing assays have been described extensively in the literature32-35.  The use of the 4 

microscope camera to image wells is useful in that it provides very high-quality images that can 5 

accurately differentiate the degree of neutralization. However, the use of a high-resolution 6 

flatbed or plate scanner may provide a more rapid approach to imaging the wells if the quality 7 

and lighting of images can be maintained. 8 

In summary, this in vitro assay provides a rapid, cost effective, easily accessible, and simple 9 

method to detect the presence of neutralizing antibodies against rAAV6. This assay has the 10 

capacity to be adjusted and optimized to perform with different AAV serotypes with relative 11 

ease. The AAV6-hPLAP vector can be provided for the purpose of this assay upon request. 12 

 13 
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Supplementary Data  

 

Supplementary Figure 1: Visual examples of different reasons for excluding sample wells. A) The presence of contamination as can be seen by clumps of in 

the centre. B) High cell density. C) Uneven lighting of well (left image), corresponding thresholding of the same well displaying excess coverage in bottom 

right corner (right image). D) Technical replicate images, image on left representing results with normal cell density, image on right reflecting results with 

low cell density. E) Cells unevenly distributed across a well.
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Supplementary Figure 2: Simplified plasmid map displaying hPLAP insert. CMV: Cytomegalovirus 

promoter. hPLAP: human placental alkaline phosphatase. SV40: Simian virus 40 polyadenylation 

signal. ITR: Inverted terminal repeat sequences. 

 

Supplementary Table 1: Comprehensive list of materials, equipment and software required to 

set up and perform this assay 

Name of Material/ 

Equipment 

Company Catalog 

Number 

Comments/Description 

0.05% Trypsin/EDTA  Gibco 25300-054 
 

50 mL conical 

centrifuge tube 

Falcon 14-432-22 Or equivalent 

75cm2 square flasks  Falcon 353136 Or equivalent 

96 well flat 

bottomed plate 

Falcon 353072 
 

Aluminium foil 
   

Anti-AAV6 (intact 

particle) mouse 

monoclonal 

antibody, (ADK6) 

PROGEN 610159 Positive control monoclonal antibody 

AAV6-CMV-hPLAP 

Vector 

  
Muscle Research & Therapeutics Lab 

(University of Melbourne, Australia) 

AAV6-CMV-hPLAP can be provided 

upon request. 
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BCIP/NBT  SIGMAFAST B5655 
 

Cell and tissue 

culture safety 

cabinet 

   

Fetal Bovine Serum Gibco 10099-141 
 

Haemocytometer 
   

High glucose 

Dulbecco's Modified 

Eagle Medium 

(DMEM) 

Gibco 11965118 
 

HT1080 cells ATCC 
  

ImageJ Software 
  

Freely available: 

https://imagej.nih.gov/ij/index.html 

Incubator 
  

37°C, 5% CO2 

Light microscope 

with camera 

  
Capable of taking photos with a 4x 

objective lens 

Oven 
  

For a 65°C incubation 

Paraformaldehyde MERCK 30525-89-4 
 

Penicillin 

Streptomycin 

Gibco 15140-122 
 

Phosphate buffered 

saline 

   

Electronic Pipette 
  

5 & 10ml stripette inserts 

Pipettes and tips 
  

20 μL, 200 μL & 1 mL single pipettes 

and tips & 200 μL multichannel 

pipette 

Stericup quick 

release filter 

Millipore S2GPU10RE Used for combining media reagents  

Trypan blue solution Sigma-

Aldrich 

T8154 
 

VACUETTE TUBE 8 ml 

CAT Serum Separator 

Clot Activator 

Greiner 

BIO-ONE 

455071 Used for serum collection & 

processing from sheep 

Water bath  
   



145 
 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4  
Generation of an AAV encoding a 

truncated-PI3K with enhanced cardiac 

expression capabilities for use in the 

mouse and sheep heart  

 

 
 

 

 

 

 

 

 

 



146 
 

Chapter 4. Preface 
 

The fourth chapter of this thesis, Generation of an AAV encoding a truncated-PI3K with 

enhanced cardiac expression capabilities for use in the mouse and sheep heart forms the 

primary translational component of this thesis. In this chapter, some of the limitations of 

AAV gene therapy are addressed and optimisations are developed to improve some of the 

short fallings. A cardiac specific promoter and an enhancer element aimed at improving 

cardiac specificity and expression of AAV transgenes respectively are trialled. Having 

demonstrated the safety and cardioprotective capabilities of PI3K in chapter two, we trial 

AAV-mediated PI3K-based gene therapies using a truncated PI3K transgene in healthy 

mice and sheep as well as in a mouse model of cardiac injury. 
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Chapter 4.  

Generation of an AAV encoding a truncated-PI3K with 

enhanced cardiac expression capabilities for use in the 

mouse and sheep heart  

 

This chapter has been written up as a complete manuscript by S Bass-Stringer, CJ 

Thomas, CN May, H Qian, P Gregorevic, A Brown, H Kiriazis, BC Bernardo, DG 

Donner, KL Weeks and JR McMullen. This work was delayed due to the COVID 

pandemic and will be submitted after some minor additional experiments. 

 

As first author, S Bass-Stringer contributed ~70% to this manuscript. This included 

contributions to the experiments, analyses, drafting, design and editing. 

 

 



148 
 

Generation of an AAV encoding a truncated-PI3K with enhanced cardiac expression 

capabilities for use in the mouse and sheep heart  

Sebastian Bass-Stringera,b, Colleen J. Thomasb,c, Clive N. Mayc, Hongwei Qiand, Paul 

Gregorevicd, Aascha Browna, Helen Kiriazisa,g, Bianca C. Bernardoa,e,h, Daniel G. 

Donnera,g, Kate L. Weeksa,e,g and Julie R. McMullena,e,b,f,g. 

 

a Baker Heart and Diabetes Institute, Melbourne, Vic, Australia  

b Department of Physiology, Anatomy and Microbiology, La Trobe University, 

Melbourne, Vic, Australia  

c Florey Institute of Neuroscience and Mental Health, University of Melbourne, 

Melbourne, Vic, Australia 

d Department of Physiology, Centre for Muscle Research (CMR), The University of 

Melbourne, Melbourne, Vic, Australia 

e Department of Diabetes, Central Clinical School, Monash University, Melbourne, Vic, 

Australia  

f Department of Physiology and Department of Medicine Alfred Hospital, Monash 

University, Melbourne, Vic, Australia 

g Baker Department of Cardiometabolic Health, The University of Melbourne, 

Melbourne, Vic, Australia 

h Department of Paediatrics, University of Melbourne, VIC, 3010, Australia. 

 

Correspondence 

1. Prof Julie R McMullen 

Baker Heart and Diabetes Institute 

Melbourne VIC, Australia 

Email:  julie.mcmullen@baker.edu.au 

2. Dr Kate L. Weeks 

Baker Heart and Diabetes Institute 

Melbourne VIC, Australia 

Email:  kate.weeks@baker.edu.au 

 

 

 

 

mailto:julie.mcmullen@baker.edu.au
mailto:kate.weeks@baker.edu.au


149 
 

Abstract 

 Introduction: Phosphoinositide 3-kinase (PI3K, p110α) is a master regulator of 

exercise-induced heart growth and protection. Transgenic mice with increased cardiac 

PI3K activity due to a constitutively active PI3K (caPI3K) transgene develop 

physiological hypertrophy and are protected following cardiac insults. The aim of this 

study was to develop and characterise novel PI3K-based gene therapies for the failing 

heart.  

Methods: We generated PI3K-based adeno-associated virus (AAV6) gene therapies, with 

differing enhancers, promoters and transgene components. Healthy adult male C57Bl/6 

mice were administered PI3K-based gene therapy candidates or saline. Therapeutic 

efficacy, transduction efficiency and cardiac-specificity were assessed through molecular 

analyses. The most promising AAV construct was administered to a mouse model with 

established cardiac dysfunction due to myocardial ischemia/reperfusion injury (I/R: 1hr 

ischemia with reperfusion, n=15-18/group); AAV delivered 24h post-I/R. Morphological, 

molecular and histological analyses were performed on mouse hearts 12 weeks post-

AAV. Direct cardiac injections of PI3K-based AAV gene therapies were performed in 

healthy sheep to assess cardiac transduction in a large animal model (n=3).  

Results: A cardiac troponin T (cTnT) promoter together with a small segment of PI3K 

(iSH2) provided efficient cardiac-selective transduction in the mouse heart, with no off-

target effects. The inclusion of an enhancer component (IVS2) increased transduction of 

the AAV in the mouse and sheep heart. The truncated PI3K transgene (iSH2) was 

significantly easier to manufacture than an AAV with caPI3K, and could activate PI3K 

signalling. In healthy mice, the AAV6-cTnT-IVS-iSH2 construct generated cardiac PI3K 

activity in the heart.  I/R hearts treated with AAV6-cTnT-IVS-iSH2 displayed increased 

phosphorylation of Akt compared to saline treated mice at 3 months (n=8-14/group, 

P=0.03), but no significant change in cardiac function or cardiac structure was observed 

between groups. iSH2 effectively transduced healthy sheep hearts and generated PI3K 

activity. 

Conclusion:  This study describes the development of a novel PI3K-based AAV that 

successfully transduced the healthy and failing mouse heart and healthy sheep heart, and 

enhanced protective Akt signalling. 
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Introduction 

Heart failure (HF) is a debilitating condition, which directly contributes to lower quality 

of life and increased mortality and morbidity on a global scale. As life expectancy 

increases, so too does the burden on the heart and in turn the prevalence of HF and other 

life-threatening cardiac conditions. Five-year survival rates following a diagnosis of HF 

have been reported at less than 50%1, demonstrating the urgent need for the development 

of novel therapeutics.  

The importance of exercise as both a preventative measure and a treatment for HF has 

been well established and physical inactivity has been shown to be a primary risk factor in 

the development of HF2-4. A large body of evidence also demonstrates that following a 

diagnosis of HF, the use of physical activity as a therapeutic intervention can improve 

outcomes such as reversing cardiac remodelling, reducing mortality, and hospitalisation, 

and improving quality of life5-9. Unfortunately, due to the debilitating nature of HF, 

exercise therapy is not always an option. This is especially so in the later stages of the 

disease when the physiological impact of decreased cardiac function is greatest. Exercise 

compliance can also be low in patients with HF. While no therapeutic intervention is 

likely to mimic all the beneficial systemic effects of exercise, the development of 

therapies that can mimic the benefits of exercise on the heart may provide significant 

benefit, particularly if this approach also allows HF patients to increase their physical 

activity.  

Phosphoinositide 3-kinase (PI3K, p110α) is a heterodimeric lipid kinase consisting of a 

regulatory subunit (p85) and a catalytic subunit (p110α). Activation of PI3K and 

subsequent downstream signalling requires interaction between the two subunits and the 

conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 

(3,4,5)-trisphosphate (PIP3). In vitro studies have demonstrated that a small fragment of 

the regulatory subunit called inter-SH2 (iSH2) alone is required for binding to the 

catalytic subunit p110α and the conversion of PIP2 to PIP3
10. Our laboratory has 

extensively demonstrated that PI3K is a critical mediator of exercise-induced 

physiological cardiac hypertrophy and cardioprotection11-16. Exercise training induces an 

increase in PI3K activity in the mouse heart17, and chronic exercise training is associated 

with physiological/adaptive cardiac hypertrophy in animal models18. Furthermore, 

transgenic mice with increased PI3K activity due to expression of a constitutively active 
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form of PI3K (caPI3K) display physiological heart growth irrespective of exercise status, 

and display cardioprotection following a variety of cardiac insults14-16, 19. 

We previously reported improved cardiac function in a mouse model of pressure overload 

following administration of an AAV containing the same caPI3K construct used to 

generate the caPI3K transgenic mice, and attenuation of cardiac dysfunction in models of 

diabetes16, 20 21. These findings demonstrated the potential to replicate some of the 

benefits of exercise through a therapeutic modality targeting a key regulator of exercise-

induced hypertrophy and protection16. The development of a clinically viable AAV 

therapeutic product requires optimisation to address factors such as cardiac specificity, 

vector transduction capacity and the cost of drug development. A disadvantage of the 

original caPI3K-AAV was that expression was driven by a promoter (cytomegalovirus, 

CMV) that was not cardiac-specific, and AAV yields were low due to the large construct 

size (5.15 kb; maximum AAV capacity 5.2 kb)22, 23.  The aims of the current study 

were to: 1) generate a smaller truncated PI3K construct to circumvent the limited 

packaging capacity of AAV and the significant consequential costs of development, 2) 

improve the cardiac specificity and transduction capacity of the AAV through the use of a 

cardiac-specific cardiac troponin T promoter (cTnT) and enhancer elements, 3) develop 

an AAV construct which could provide robust transgene expression to the heart of a large 

animal model, and 4) assess the efficacy of the new truncated PI3K AAV in a clinically 

relevant mouse model of HF. 

 

Methods 

Generation of AAVs 

Expression cassettes consisting of a promoter (CMV or cTnT), an enhancer element 

Intervening Sequence 2 (IVS2)24, caPI3K (iSH2p110) or iSH2 and a synthetic 

polyadenylation sequence (SpA) were cloned into a plasmid containing inverted terminal 

repeat (ITR) regions from AAV225 (see Figure 1). The CMV promoter, IVS2, caPI3K, 

iSH2 and SpA have been described elsewhere (10, 16, 24). The truncated cTnT promoter 

consisted of 477 nucleotides from the promoter region of human TNNT2 

(gcggccgcctcgagtctgctcccagctggccctcccaggcctgggttgctggcctctgctttatcaggattctcaagagggaca

gctggtttatgttgcatgactgttccctgcatatctgctctggttttaaatagcttatctgctagcctgctcccagctggccctcccagg

cctgggttgctggcctctgctttatcaggattctcaagagggacagctggtttatgttgcatgactgttccctgcatatctgctctggtt
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ttaaatagcttatctgagcagctggaggaccacatgggcttatatggggcacctgccaaaatagcagccaacacccccccctgtc

gcacattcctccctggctcaccaggccccagcccacatgcctgcttaaagccctctccatcctctgcctcacccagtccccgctga

gactgagcagacgcctccaggatctgtcggcagctaattaat). Recombinant AAV6 vectors were 

produced by co-transfecting HEK293T cells with the corresponding plasmids and 

pDGM625, a plasmid encoding AAV capsid proteins and adenoviral genes required for the 

packaging and production of functional AAV6 vectors. Purified AAV vectors were titered 

by qPCR using primers to detect either the cTnT477 (Forward: 

CATGACTGTTCCCTGCATATC, reverse: TAAACCAGCTGTCCCTCTT) or CMV 

(Forward: GCGGTAGGCGTGTACGGTGG, reverse: CGTGGATGGCGTCTCCAGGC) 

promoters. AAVs were generated by Associate Professor Paul Gregorevic at the Muscle 

Research and Therapeutics Laboratory at the University of Melbourne. 

An AAV6 containing a caPI3K construct with a CMV promoter was produced (AAV6-

CMV-caPI3K), as previously described16. Here, we generated five new PI3K-based AAV 

constructs with the goal of attaining cardiac specificity and increasing transgene 

expression.   

Construct 1) AAV6-cTnT-caPI3K: The ubiquitous CMV promoter within AAV6-CMV-

caPI3K was replaced with the cTnT477 promoter. Replacing the CMV promoter with the 

cTnT477 promoter would reduce the construct size from ~5.15 kb to ~4.97 kb and improve 

cardiac specificity (Figure 1A). 

Constructs 2 & 3) AAV6-CMV-iSH2 & AAV6-cTnT-iSH2: iSH2, a fragment of the 

PI3K regulatory subunit p85 that interacts with the p110α catalytic subunit and is 

sufficient for its activation10 was  derived from the Mus musculus sequence for Pik3r1 

(encoding p85alpha), synthesised by Genscript and subcloned into the AAV plasmids 

containing either the CMV or cTnT477 promoters.  iSH2 is significantly smaller at only 

~0.75 kb compared to the original ~3.9 kb caPI3K transgene (Figure 1B). 

Constructs 4 & 5) AAV6-CMV-IVS2-iSH2 & AAV-cTnT-IVS2-iSH2: Identical to 

constructs 2 & 3, respectively, but with the addition of an enhancer element IVS2. IVS2 

is rabbit β-globin intron 2 and has been demonstrated to improve transgene expression26. 

The size of IVS2 + iSH2 combined is only ~1.32 kb compared to the ~3.9 kb caPI3K 

transgene (Figure 1C). 

Further details and sequences of all constructs are provided within the data supplement. 
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Figure 1. New PI3K-based constructs. A) AAV constructs encoding full length constitutively activated 

PI3K (iSH2p110), driven by the CMV promoter (upper) or cTnT promoter (lower). B) Truncated PI3K 

constructs encoding the iSH2 fragment of p85, driven by either the CMV promoter (left) or cTnT promoter 

(right). C) Truncated PI3K constructs encoding the iSH2 fragment of p85 together with the intron IVS2, 

driven by either the CMV promoter (left) or cTnT promoter (right). D) Gel electrophoresis image of 

linearised plasmids containing the PI3K-based constructs or empty control constructs that were inserted into 

AAV6 vectors. 

 

 

Colony screening to confirm generation of new PI3K constructs 

The new constructs described above were generated by Genscript. iSH2 and IVS2-iSH2 

sequences were synthesised by Genscript and subcloned into pAAV6-CMV-MCS-SpA16 

or pAAV6-cTnT477-MCS-SpA. Plasmid DNA for each construct was combined with 

DH5-α cells and incubated on ice for 30 minutes, followed by heat shock at 42°C for 50 

seconds and incubation on ice for an additional 2 minutes. Cell/plasmid mixture was 

made up to 1 mL with pre-warmed Luria-Bertani (LB) broth shaken for 1 hour (37°C, 225 

RPM). Cells were spun down (4500 RPM, 2 min), the supernatant was removed (800 μL) 

and following resuspension, the cells were incubated overnight on a LB agar plate. The 

following day, four individual colonies were scraped on to four corners of a new LB agar 

plate and incubated an additional six hours (37°C). A colony was scraped from each 
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corner of the new LB agar plate, added to 4 ml of LB broth with 1% ampicillin, and 

shaken overnight (37°C, 225 RPM). The following day 1 mL from the tubes were spun 

down and plasmid DNA was purified using the QIAGEN miniprep kit (standard protocol 

3.B, 3.C & centrifugation protocol). Clone Manager software (version 5, Sci Ed Software) 

was used to determine and select HindIII as the single cut restriction enzyme and MscI as 

the double cut restriction enzyme for each construct. Master mixes of each enzyme (15 

μL each) were made for all four colonies (as well as +/- controls) and mixed with 5 μL of 

DNA that was previously purified using the miniprep kit (2 uL of original plasmid for a 

positive control) and incubated for 2 hours at 37°C. Samples were subsequently run on a 

0.7% agarose gel at 100 V for 45 minutes using a 2-log ladder. All constructs were the 

correct size and were unchanged following transformation relative to the original plasmid 

DNA ordered from Genscript. 

 

Animal care and experimentation 

Mice care and experimental protocols were approved by the Alfred Research Alliance 

Animal Ethics Committee (application number E/1964/2019/B & E/1797/2018/B) and 

performed in accordance with the Australian Code for the Care and Use of Animals for 

Scientific Purposes (National Health and Medical Research Council of Australia, 8th 

edition, 2013). rAAV6 vectors were systemically administered via tail vein injection (29G 

needle, 150 uL) to conscious male wild type C57BL/6 mice generated at the People And 

Cures (PAC) facility through the Alfred Research Alliance (Melbourne, Victoria, 

Australia).  

All aspects of sheep animal care and experimentation were conducted in accordance with 

Florey Institute of Neuroscience and Mental Health guidelines and the Australian Code for 

the Care and Use of Animals for Scientific Purposes (National Health and Medical 

Research Council of Australia, 8th edition, 2013). Application number 15-086-FINMH. 

 

Experimental protocols 

1. Assessment of cardiac transduction and PI3K signalling with iSH2 +/- IVS2: 

Following randomisation and blinding, 8-week-old male C57Bl/6 mice were administered 

2x1011, 1x1012 or 2x1012 vector genomes (vg) of AAV6-CMV-iSH2 or AAV6-CMV-

IVS2-iSH2. Additionally, 2x1011 vg of an empty control vector (AAV6-CMV-Con) or 
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saline were administered as controls. Mice were euthanased 8 weeks post-AAV 

administration. 

2. Assessment of cardiac specificity and expression driven by the cTnT477 promoter 

versus CMV promoter: Following randomisation and blinding, 8-week-old male 

C57Bl/6 mice were administered 2x1011, 1x1012 or 2x1012 vg AAV6-cTnT-caPI3K or 

2x1011 vg of AAV6-CMV-caPI3K. 2x1011 vg of a control vector (AAV6-CMV-Con) or 

saline were administered as controls. Mice were euthanased 8 weeks post-AAV 

administration. 

3. Assessment of AAV6-cTnT-IVS2-iSH2 in healthy adult mice: Following 

randomisation and blinding, 8-week-old male C57Bl/6 mice were administered 2x1012 vg 

AAV6-cTnT-IVS2-iSH2 or saline. Mice were euthanased 8 weeks post-AAV 

administration.  

4. Assessment of AAV6-cTnT-IVS2-iSH2 in a mouse model of ischemia/reperfusion 

injury:  Ten-week old male C57Bl/6 mice underwent baseline echocardiography prior to 

cardiac-ischemic reperfusion (I/R) surgery (ligation of the left coronary artery for one 

hour followed by reperfusion) as previously described27. Immediately after myocardial 

I/R surgery was performed, a three-lead ECG recording of each mouse was used to 

confirm ST-segment elevation (and successful ligation). At 24 h post-surgery, mice were 

anaesthetised with isoflurane (induction: 3-4.5% in room air, maintenance: 1-2% in room 

air) and placed on a heated and articulated ECG platform. Gated (ECG) and ungated 

parasternal long-axis cine loops were obtained by an ultra-high frequency ultrasound 

probe (MS-550D) using the Vevo® 2100 System (Visualsonics, Fujifilm, Canada). 

Analysis was performed using the manufacturer’s VevoLAB software to discern inactive 

from active relative radial tissue displacement in the long axis. Inactive/zero relative 

tissue displacement provides a rigorous surrogate for ischemic area/infarct size and is 

used to exclude mice with small/irregular infarctions (resulting from e.g. missed ligation 

or collateral branching of the coronary arteries). Only mice with tissue displacement 45 ± 

10 % of the left ventricle were included in the study (N=5 excluded)28. Following 

randomisation and blinding, mice were subsequently administered 2x1012 vg AAV6-

cTnT-IVS2-iSH2, AAV6-cTnT-Control or saline. Mice underwent echocardiography 

followed by pressure-volume (PV) loop analysis and euthanasia 12-weeks post-surgery. 
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Echocardiographic assessment of left ventricular structure and function  

M-mode echocardiography was performed using a 40 MHz linear array transducer (Vevo 

2100® Ultrasound Machine, VisualSonics, Fujifilm, Canada) and analysis was performed 

using the manufacturer’s VevoLAB software for assessment of systolic cardiac function. 

Mice were anaesthetised with isoflurane (3.8% induction, 1.7% maintenance). Fractional 

shortening and left ventricle (LV) volumes were calculated as follows: Fractional 

shortening: [(LVEDD – LVESD)/LVEDD] x 100%, LV volume diastole (μL): 

[(7/(2.4+LVID;d)) x LVID;d3], LV volume systole (μL): [(7/(2.4+LVID;s)) x LVID;s3]. 

Image acquisition and data analyses were performed blinded.  

 

Pressure-volume loop analysis 

Mice were anaesthetised with isoflurane (4 % induction, 1.6-1.8 % maintenance) and 

placed in a supine position. An incision was made in the neck, and a Millar pressure-

volume catheter (model SPR-839) was inserted into the right common carotid artery and 

advanced until the tip was just above the aortic valve. Steady-state blood pressure 

measurements were made, then the transducer was guided through to the LV to measure 

LV pressure and volume parameters. To determine end-systolic and end-diastolic PV 

relationships, the abdominal vena cava was occluded by gently pressing a cotton tip 

through the abdomen for 7-10 heart beats. Parallel conductance was corrected for by 

bolus I.V. infusion of 20 % w/v hypertonic saline (via the jugular vein). Alpha-calibration 

of the volume trace was performed by software adjustments for endpoint 

echocardiographic measures (cardiac output) for each animal. 

 

Tissue dissection and morphological analysis 

Healthy adult mice: Animals were anaesthetised (pentobarbitone, 80 mg/kg i.p.) and 

euthanased by cervical dislocation. The atria were removed from the heart; the ventricles 

dissected (for protein extraction) and snap frozen in liquid nitrogen.   

Mice subjected to I/R injury: Prior to dissection, mice were anaesthetised with isoflurane 

as described above, and PV loop measurements were performed followed by euthanasia 

through cardiac puncture followed by cervical dislocation. Hearts were removed, weighed 

and the apex and base were snap frozen in liquid nitrogen. The middle-ventricle was used 

for histology. 

For all cohorts of mice, heart, atria, lungs, gastrocnemius muscle, kidney, brain, liver and 

spleen were weighed and snap frozen for tissue analyses. Lower limbs were collected, 
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digested (1 M NaOH for 6 h, 37°C) and tibia measured with a Vernier calliper to 

determine tibia length (TL).  

 

Histological analysis 

From the I/R cohort, thinly sliced transverse/short axis rings (1-2 mm) were dissected 

from the LV of each mouse heart inferior to the ligation, and placed into cassettes for 

fixation in 10% Neutral Buffered Formalin (NBF) for 24 hours. All subsequent tissue 

processing and acquisition of images were performed by the Monash Histology Platform 

(Clayton, VIC Australia). Tissue was processed, paraffin embedded and sectioned at a 

thickness of 4 μm and stained with Masson’s Trichrome to measure interstitial fibrosis. 

Images were acquired by bright field scanning using a 20x objective. The ImageJ package 

Fiji incorporating a simple macro was used to perform colour deconvolution and 

objective measurement of area positivity for collagen staining (fibrosis, blue) as a 

percentage of total tissue (blue and red) area. Separate 4 μm sections underwent 

immunohistochemistry staining with antibodies (and fluorophores) for: Troponin-T 1:200 

(BD Biosciences 564766), CD68 1:1000 (Abcam ab125212)  & DAPI (Thermofisher). 

Immunofluorescent images were then acquired by darkfield scanning using 20x objective. 

The ImageJ package Fiji with a separate macro that performed cellular watershedding 

(i.e., cellular boundary determination between adjacent DAPI-stained nuclei) and 

objective measurement of CD68+ and CD68- cells was used to determine the percentage 

of CD68+ cells, a marker of macrophages. All analyses were performed blinded. 

 

Western blotting analysis 

Protein extraction and quantitation was performed as previously described29. Protein 

lysates from cardiac tissue containing 75-100 μg of protein were separated by SDS-

PAGE. Protein was immobilised on a polyvinylidene difluoride (PVDF) membrane 

(MERCK, Frankfurt, Germany) using a wet tank transfer for 16 hours, 9 volts, 4°C. 

Membranes were subsequently blocked in 5% skim milk powder in Tris-buffered saline 

and 0.1% Tween 20 (TBST). Membranes were probed with the following antibodies: HA-

tag (C29F4) (Cell Signalling #3724, 1:2000), α-tubulin (Cell Signaling #2144, 1:5000) p-

Akt (Ser473) (Cell Signaling #9271, 1:500) and Akt (Cell Signaling #9272, 1:1000). 

Membranes were incubated with anti-rabbit antibodies conjugated to HRP. Proteins were 

visualised using SuperSignal® West Pico PLUS Chemiluminescent Substrate (Thermo 
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Scientific). Western blots were imaged using the G:BOX gel doc system (SYNGENE) 

and quantitation was performed  using the GeneTools software (SYNGENE). 

All raw Western blot images are provided within the data supplement. 

 

Immunoprecipitation & lipid kinase activity assay analysis 

A lipid kinase activity assay was employed to assess PI3K activity in heart tissue as 

previously described30. 250 µg (I/R cohort) or 500 µg (healthy mice cohorts) of protein 

was immunoprecipitated using a HA-tag antibody (C29F4) (Cell Signalling #3724) and 

Protein A Sepharose CL-4B beads (GE Healthcare, 17-0780-01) according to the 

manufacturer’s instructions. Beads were washed twice in HEPES buffer (1 M HEPES, 40 

mM EDTA, 1 M DTT and 0.015% IGEPAL) and split evenly into two separate tubes. A 

1:1 ratio of phosphatidylinositol and phosphatidylserine stored in chloroform (10 μl) was 

evaporated into gel pellets using a SpeedVac vacuum concentrator (ThermoFisher), 

sonicated in 130 μl of HEPES buffer and mixed with one half of the immunoprecipitated 

protein attached to Sepharose beads. ATP and 10 μCi of [γ-32P]-ATP (PerkinElmer, 

BLU502A250UC) were subsequently added to the Sepharose beads. A reaction was 

generated by shaking (1400 RPM) for 10 minutes and stopped with 2 M HCl. 160 uL of 

1:1 chloroform-methanol mixture was added to extract the lipids. The organic phase was 

collected (phospholipids) and resolved using a thin liquid chromatography (TLC) plate 

(Merck, 1.05553.0001) overnight in an acid solvent consisting of 65:35 isopropanol: 2 M 

acetic acid. The TLC plate was dried and added to a cassette underneath autoradiography 

film (GE Healthcare, 28906845) at -80°C. The radiolabel signal was standardised against 

immunoglobulin G signals by running Western blots from the second half of the 

immunoprecipitate from each sample. All raw activity images are provided within the 

data supplement. 

 

Direct cardiac AAV injection and dissection of healthy sheep 

Sheep experimental protocols were approved by the Florey Institute for Neuroscience and 

Mental Health; application number 15-086-FINMH). AAV was administered to three 

adult ewes (~50kg) via direct cardiac injection. Briefly, sheep were anaesthetised with 

isoflurane, intubated and placed on artificial respiration31. The heart was exposed from 

the left lateral position, the pericardium was opened and 1-2 cm radius circles were 

sutured into isolated positions on the surface of the LV myocardium, above and below the 

second branch of the left anterior descending artery, to mark sites for direct cardiac 
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injection. 5x1012 to 1x1013 vg of AAV was administered via 10-15 ~20 μl injections 

evenly distributed within each sutured circle directly into the myocardium on a 45° angle. 

The pericardium, intercostal muscle, subcutaneous tissue and skin were closed, and 

anaesthetic removed. Approximately 6 weeks following AAV administration sheep were 

euthanased, the heart was removed and myocardium tissue from the sutured sites and 

remote regions were snap frozen for analysis.  

 Sheep #1 received 5x1012 vg of both AAV6-CMV-caPI3K and AAV6-cTnT-

caPI3K at separate sites on the LV. 

 Sheep #2 received 1x1013 vg of both AAV6-CMV-iSH2 and AAV6-CMV-IVS2-

iSH2 at separate sites on the LV. 

 Sheep #3 received 1x1013 vg of AAV6-CMV-iSH2, AAV6-cTnT-iSH2 & AAV6-

cTnT-IVS2-iSH2 at separate sites on the LV. 

 

Statistical analysis & exclusions 

Statistical analyses were performed using Graphpad Prism version 7 (La Jolla, CA, USA). 

Results are presented as mean ± SEM. Differences between groups were determined 

using unpaired t-tests or one-way analysis of variance (ANOVA) followed by the Tukey’s 

posthoc test. A value of P<0.05 was considered significant. Any animal or sample 

exclusions are described in the data supplement. 

 

Results 

Successful generation of new PI3K-AAV constructs 

Restriction digests were undertaken to confirm the generation of the new PI3K-AAV 

constructs (Figure 1A). Figure 1D highlights the smaller sizes of the iSH2 constructs 

(lanes 4-7) in comparison to the original construct (AAV6-CMV-caPI3K, lane 2) and 

construct 1 (AAV6-cTnT-caPI3K, lane 3). The constructs (insert sequences and flanking 

sequences within the pAAV plasmid) were sequence verified by Genscript.  
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Validation and characterisation of iSH2 AAVs in the healthy mouse heart 

It was previously reported that iSH2 binds to the p110α catalytic subunit of PI3K and 

promotes activation of PI3K in cultured cells10. First, we wanted to 1) evaluate the 

transduction efficacy of the iSH2-based AAV vector with the ubiquitous CMV promoter 

(AAV6-CMV-iSH2, Figure 1B) in providing robust cardiac expression and activating 

PI3K in vivo, and 2) examine whether the same AAV incorporating a enhancer element 

(IVS2; AAV6-CMV-IVS2-iSH2, Figure 1C) could increase cardiac expression of iSH2 

further. Both vectors were administered to a small group of healthy 8-week old male mice 

at three doses: i) 2x1011 vg (low dose), n=3/treatment; ii) 1x1012 vg (mid dose), 

n=3/treatment; iii) 2x1012 vg (high dose), n=2-3/treatment. Tissue was collected 8 weeks 

post-AAV administration. Cardiac expression of iSH2 (assessed by detection of the HA 

tag by Western blotting) was observed in all mice in a dose-dependent manner for both 

AAV6-CMV-iSH2 and AAV6-CMV-IVS2-iSH2 (Figure 2A). At a dose of 1x1012 vg the 

addition of IVS2 in the AAV6 construct (AAV6-CMV-IVS2-iSH2) led to a significant 

increase in cardiac transgene expression of greater than 3-fold in comparison to the same 

construct without IVS2 (AAV6-CMV-iSH2) (Figure 2A, P=0.005). Animal numbers 

were insufficient to perform statistical analysis at the higher dose (2x1012 vg) but the 

difference between +/- IVS2 was less apparent (Figure 2A). 

Next, to determine if the iSH2 fragment was capable of binding and activating PI3K in 

vivo, we used a HA-tag antibody to immunoprecipitate iSH2 from ventricular lysates of 

mice that received AAV6-CMV-IVS2-iSH2. The catalytic subunit p110α was present in 

immunoprecipitates from mice that received the medium (1x1012 vg) and high dose 

(1x1012 vg) of AAV6-CMV-IVS2-iSH2 (Figure 2B). PI3K activity assays revealed that 

iSH2-bound p110α was functional, phosphorylating the lipid substrate. Subsequently, we 

evaluated the difference in production yield of our vectors relative to the size of the 

packaged inserts. The value of creating smaller functional PI3K constructs is driven by 

the capability of circumventing the limited packaging capacity of AAV, and because the 

generation of smaller constructs is economically advantageous in the development of 

AAV gene therapies. A 150mm plate preparation generated an average yield of 1.9x1011 

vg of the larger 5.15kb AAV6-CMV-caPI3K vector, whereas the smaller AAV6-CMV-

IVS2-iSH2 vector (2.3kb) generated an 18-fold increase in production yield (3.55x1012 vg 

per 150mm plate). 
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The  recombinant AAV serotype 6 (AAV6) has been demonstrated to be advantageous for 

cardiac gene therapies due to it preferentially transducing striated muscle such as heart, 

skeletal muscle and diaphragm25. We previously showed that cardiac muscle can be 

efficiently transduced using a AAV6 vector carrying a CMV promoter with a caPI3K 

construct16, however the CMV promoter also drove expression in skeletal muscle when a 

dose of 2x1011 vectors was administered. Since PI3K has tumorigenic properties in non-

cardiac cells, we investigated whether replacement of the CMV promoter in our original 

AAV6 vector encoding caPI3K with a cTnT promoter (Figure 1A) would improve cardiac 

specificity. Here, we administered three doses of AAV6-cTnT-caPI3K to mice and 

observed comparable expression to the original AAV6-CMV-caPI3K vector in the heart 

at 2x1011 vg (Figure 2C). caPI3K expression was enhanced further at 1x1012 vg of AAV6-

cTnT-caPI3K (Figure 2C).  Intravenous tail vein administration of the highest dose 

(2x1012 vg) of the AAV6-cTnT-caPI3K vector led to strong expression in the heart with 

no evidence of expression in skeletal muscle, brain, lung, kidney, liver or spleen (Figure 

2D).  
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Figure 2. Validating the efficacy of iSH2, IVS2 and the cTnT477 promoter at multiple doses. A) Detection 

of iSH2 in cardiac tissue using an HA-tag antibody following intravenous administration of 2x1011 vg, 

1x1012 vg or 2x1012 vg of AAV6-CMV-iSH2 or AAV6-CMV-IVS2-iSH2 in healthy mice. Saline and 

2x1011 vg of empty AAV6-CMV-Control vector were administered as negative controls. B) Cardiac lysates 

from mice administered 2x1011 vg, 1x1012 vg or 2x1012 vg of AAV6-CMV-IVS2-iSH2 or saline were 

immunoprecipitated using an HA-tag antibody to purify iSH2-containing complexes and the resulting 

Western blots probed with an anti-p110α antibody (left panel). A lipid kinase activity assay using the iSH2-

HA immunoprecipitates revealed iSH2-HA-associated PI3K activity, as reflected by the higher PIP signal 

(middle and right panel). C) Expression of caPI3K driven by a cTnT promoter in cardiac tissue following 

intravenous administration of 2x1011 vg, 1x1012 vg or 2x1012 vg. Saline, 2x1011 vg of AAV6-CMV-Control 

and AAV6-cTnT-Control vectors were administered as negative controls and 2x1011 vg of AAV6-CMV-

caPI3K was administered to compare expression of cTnT to the CMV promoter. D) Expression of caPI3K 

in cardiac tissue compared to non-cardiac tissues following intravenous administration of 2x1012 vg of 

AAV6-cTnT-caPI3K in a healthy mouse. N=2-3 per group. Statistical analysis performed using an unpaired 

t-test.  
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AAV6-cTnT-IVS2-iSH2 did not increase heart size in healthy adult mice 

Having established efficacy of the iSH2 construct, the IVS2 enhancer and the cTnT 

promoter, we administered AAV6-cTnT-IVS2-iSH2 at a dose of 2x1012 vg or saline to a 

small cohort of 10-week old healthy adult male C57Bl/6 mice. Heart size and weights 

were comparable between the AAV6-cTnT-IVS2-iSH2 and saline groups (Figure 3A and 

Table 1). There were also no significant differences in atria, lung, kidney, liver or spleen 

weights between groups (Table 1). Cardiac transduction of iSH2 was confirmed in hearts 

of all mice administered AAV6-cTnT-IVS2-iSH2 by Western blotting, which detected the 

HA tag within the AAV construct (Figure 3B). The phosphorylation of Akt relative to 

total Akt tended to be higher in hearts from mice receiving AAV6-cTnT-IVS2-iSH2 

(P=0.08, Figure 3C).  

 

 

 

Figure 3. AAV6-cTnT-IVS2-iSH2 administration to a cohort of healthy adult mice. A) Representative 

hearts from control and treated groups (Left panel). Heart weight normalised to tibia length 8-weeks after 

administration of 2x1012 vg cTnT-IVS2-iSH2. B) Western blot representative images showing HA-tagged 

iSH2 normalised to α-tubulin. C) Phosphorylation of Akt as a ratio of total Akt from cardiac tissue. N=4-5 

per group.  Statistical analysis performed using an unpaired t-test. All data presented as mean ± SEM. 
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AAV6-cTnT-IVS2-iSH2 increased the phosphorylation of Akt but did not improve systolic 

function following ischemia/reperfusion injury  

To examine whether iSH2 could enhance PI3K signalling and improve heart function in a 

setting of cardiac injury, 10-week old male C57Bl/6 mice were subjected to one-hour of 

cardiac ischemia followed by reperfusion (I/R), and 24 h later administered AAV-cTnT-

IVS2-iSH2 (2x1012 vg), an AAV-Control (identical AAV lacking the IVS2-iSH2 insert, 

2x1012 vg) or saline (Figure 4A). One day post-I/R, and just prior to AAV administration, 

the area at risk of the heart assessed by echocardiography was comparable between 

groups (45% ± 10%, Figure 4B).  

Robust expression of iSH2 was observed in the myocardium of 14 of 15 I/R injury mice 

that received the vector, and this corresponded with iSH2-specific PI3K activity (Figure 

4C & D). The one mouse with very low iSH2-HA expression was excluded from all 

subsequent analyses (Supp Figure 11).  

Prior to assessing any effect of AAV6-cTnT-IVS2-iSH2 in the I/R model, organ weights 

from the saline and empty vector control group (AAV6-cTnT-control) were compared. 

Unexpectedly, morphological changes were identified in the AAV control group 

compared to the saline group, including a significant increase in spleen and kidney 

weights, as well as heart weight normalized to tibia length (Table 2). This finding was 

surprising given there were no differences in organ weights from healthy adult mice 

administered saline or AAV6-cTnT-IVS2-iSH2 at the same dose (Table 1). Findings in 

the I/R mice administered empty control vector suggest the vector led to a non-specific 

effect in the cardiac stress setting. Despite the increase in HW/TL in I/R mice 

administered AAV6-cTnT-Control, there were no significant differences in cardiac 

function or performance based on echocardiography and PV-loop analyses performed 12 

weeks after AAV administration (Tables 3 & 4). However, given the increase in HW/TL 

and other organ weights in the I/R mice administered AAV-cTnT-control, the most 

relevant control for the AAV6-cTnT-IVS2-iSH2 I/R group is the AAV control group 

rather than the saline group. 

There were no significant differences in heart weight or other tissue weights between the 

I/R mice administered AAV6-cTnT-IVS2-iSH2 or AAV6-cTnT-control (Figure 4E, Table 

5). There were also no significant differences in cardiac function based on 

echocardiography parameters such as ejection fraction between groups (Figure 4F, Table 

6). Performance measures from PV-loop analyses, including stroke work, were largely 
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unchanged (Figure 4G, Table 7) but there was a significant decrease in end-systolic 

pressure volume relationship (ESPVR) between the AAV-iSH2 and AAV-Control groups 

(Table 7). 

Macrophage infiltration and fibrotic deposition play a key role in tissue repair following 

cardiac ischemia. Masson’s trichrome staining performed on mid-ventricle rings revealed 

no differences in the amount of fibrotic tissue between groups (Figure 5A). The 

percentage of CD68-positive cells, which detects monocytes and macrophages, was also 

not significantly different between groups (Figure 5B).  

Given there was no functional or histological improvement identified in I/R mice 

receiving AAV6-cTnT-IVS2-iSH2, we undertook Western blot analysis to assess whether 

pAkt which is known to mediate cardiac protection was elevated. Western blotting from 

non-infarcted ventricular tissue revealed an increase in the phosphorylation of Akt 

relative to total Akt in I/R mice administered AAV6-cTnT-IVS2-iSH2 versus saline, and 

a similar trend was identified in comparison to AAV-cTnT-control (Figure 5C).  
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Figure 4. Administration of AAV6-cTNT-IVS2-iSH2, saline or AAV6-cTnT-Control (AAV-Control) in a 

setting of cardiac dysfunction due to ischemia/reperfusion (I/R) injury. A) Schematic showing timing of the 

I/R surgery, echocardiography assessments and AAV intervention. B) The estimated area at risk for each 

group after I/R surgery and AAV administration based on 24 hour post-surgery echocardiography analysis. 

C) Cardiac expression of iSH2-HA normalised to α-tubulin following administration of 2x1012 vg of AAV-

cTnT-IVS2-iSH2, saline or AAV6-cTnT-Control (AAV-Control). D) iSH2-HA-associated PI3K activity of 

all mice that received the AAV-cTnT-IVS2-iSH2 vector. E) Representative hearts from each group and the 

corresponding heart weight normalised to tibia length. F) Cardiac function indicated by % ejection fraction 

(EF). G) Representative pressure-volume loops at 12-weeks following I/R surgery: Loops recorded during 

haemodynamic studies performed at endpoint for mice of each study group, alongside a sham-operated 

comparator (no infarction, negative control). Stroke work assessed from pressure-volume loops. All data 

presented as mean ± SEM. N=6-8 (Saline), N=6-7 (AAV-Control), N=12-14 (AAV6-cTnT-IVS2-iSH2). 
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Figure 5. AAV-cTnT-IVS2-iSH2 histological analyses and Akt phosphorylation in a setting of cardiac 

dysfunction due to I/R. Mid ventricle rings stained with A) Masson’s trichrome to assess the % of 

interstitial fibrosis in the heart or B) stained with the fluorophores troponin-T, CD68 and DAPI to determine 

% CD68 positive cells. C) Phosphorylation of Akt normalised to total Akt in cardiac tissue for all groups. 

All data presented as mean ± SEM. N=6-8 (Saline), N=5-7 (AAV Control), N=10-14 (AAV-cTnT-IVS2-

iSH2). 
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AAV6-iSH2 transduces the healthy sheep heart and activates PI3K by phosphorylating 

PIP 

Assessment of cardiac transduction of AAV6 in the ovine heart was first evaluated by 

performing direct cardiac injections of the original caPI3K construct driven by either the 

CMV or the cTnT promoter, i.e., AAV6-CMV-caPI3K and AAV6-cTnT-caPI3K (Figure 

6A). Limitations due to large construct size and cost in producing these AAVs meant the 

highest dose assessed was 5x1012 vg.  No evidence of transduction was identified in the 

sheep heart with either AAV-caPI3K construct, whereas a clear signal was identified in 

the hearts of mice that had received an i.v. injection of 2x1011 vg of AAV6-CMV-caPI3K 

(Figure 6A).   

Next, we examined the ability of the smaller AAV constructs to transduce the sheep heart, 

i.e., iSH2 constructs with the CMV or cTnT promoter +/- IVS2 (Figure 6B & C). 

Successful transduction of the sheep heart was observed at all sites of administration with 

the smaller AAV vectors. Sheep #2 was administered 1x1013 vg of AAV6-CMV-iSH2 or 

AAV6-CMV-IVS2-iSH2 via direct cardiac injection into separate regions of the LV 

(Figure 6B, left panel). Similar expression of iSH2-HA was observed for both constructs 

and no iSH2-HA was expressed in remote cardiac regions. The degree of expression was 

comparable to the expression from the heart of a mouse that had received 1x1012 vg of the 

same constructs (Figure 6B, right panel). Sheep #3 received 1x1013 vg of AAV6-CMV-

iSH2, AAV6-cTnT-iSH2 and AAV6-cTnT-IVS2-iSH2 into three separate regions of the 

heart (Figure 6C, left panel). The CMV promoter out-performed the cTnT promoter in 

regards to the amount of iSH2-HA expression, but the addition of IVS2 in conjunction 

with the cTnT promoter ameliorated this loss of expression relative to the CMV promoter 

in sheep #3 (Figure 6C). iSH2 was immunoprecipitated from heart lysates from Sheep 2 

& 3 using the HA tag antibody. iSH2-associated PI3K activity was observed in tissue 

from all injection sites whilst no iSH2-associated PI3K activity was observed in a sample 

from a remote cardiac region (Figure 6D). In summary, efficient transduction of the sheep 

heart was observed at all sites of administration with the smaller AAV vectors, and iSH2 

expression and PI3K activation in the sheep heart was comparable to the mouse heart.  
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Figure 6. Administration of AAVs containing caPI3K and iSH2 to three healthy sheep. A) AAV cardiac 

injection sites collected for tissue analysis from Sheep #1 that received 5x1012 vg AAV6-CMV-caPI3K and 

AAV6-cTnT-caPI3K (left). Expression of caPI3K, endogenous p110α and α-tubulin from the corresponding 

injection sites and from the heart of a mouse that was administered AAV6-CMV-caPI3K (right). B) Cardiac 

injection sites and remote region collected for tissue analysis from Sheep #2 that received 1x1013 vg AAV6-

CMV-iSH2 and AAV6-CMV-IVS2-iSH2 (left). iSH2-HA expression from administration sites, remote 

regions and positive control mice using an HA-tag antibody (middle and right). C) Cardiac injection sites 

and remote region collected for tissue analysis from Sheep #3 that received 1x1013 vg AAV6-CMV-iSH2, 

AAV6-cTnT-iSH2 and AAV6-cTnT-IVS2-iSH2 (left). iSH2 expression of administration sites, remote 

regions and positive control mice using an HA tag antibody (middle and right). D) iSH2-HA-associated 

PI3K activity in sheep that received iSH2 vectors (Sheep #2 and #3) and positive control mice. 
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Discussion 

There is growing interest in developing and optimising therapeutics that can recapitulate 

the benefits of exercise on the heart by enhancing critical molecular signalling pathways 

such as the IGF1-PI3K-Akt cascade. The role of PI3K in regulating heart growth is well 

established, and numerous studies have demonstrated its capacity to provide 

cardioprotection following a variety of cardiac insults using transgenic mouse models 

with increased or decreased PI3K12-16. Transgenic mice with a constitutively activated 

PI3K allele (caPI3K) have increased cardiac PI3K activity, larger hearts and are protected 

to a similar degree to exercise trained mice in response to pressure overload or dilated 

cardiomyopathy12, 16, suggesting cardiac PI3K can mimic, at least in part, the beneficial 

effects of exercise. In contrast, transgenic mice with a dominant negative PI3K allele have 

reduced PI3K activity, smaller hearts and display worse outcomes following a cardiac 

insult19, 30. The key aims of this study were to 1) generate an easy-to-manufacture, cardiac 

specific gene therapy, which could activate and mimic the protective effects of PI3K, and 

2) assess whether the new gene therapy provides protection in a mouse model of I/R 

injury. In this study we report that AAV6 mediated expression of a PI3K(p85) fragment, 

iSH2, is sufficient to activate PI3K signalling in hearts of healthy mice and sheep, and in 

mice following a cardiac injury. This demonstrated that fragments of large proteins can 

mediate downstream signalling in vivo and may provide a viable approach to 

circumventing the limited packaging capacity and high costs of AAV therapies. We also 

report preliminary findings that IVS2, a rabbit β-globin intron can enhance expression of 

AAV6-delivered constructs in the heart. The new iSH2 gene therapy did not improve 

cardiac function in a setting of I/R injury, but increased cardioprotective phosphorylation 

of Akt. Further studies will be required to assess the therapeutic potential of the AAV6-

cTnT-IVS-iSH2 construct in cardiac disease settings.  

AAV is one of the most successful vectors for gene delivery due to its positive safety 

profile, capacity to mediate long-term transgene expression (> 1 year) following a once 

off delivery and very mild host immune response32. However, the limited packaging 

capacity of AAV and high costs associated with production of rAAVs still pose barriers 

to the delivery of large transgenes and economic viability, respectively. It has previously 

been demonstrated that rAAVs have a maximum package size of ~5 kb and attempts to 

insert transgenes exceeding the packaging capacity become truncated after ~5.2 kb at the 

5` end of the vector genome22. We previously reported that an AAV-caPI3K vector that is 

5.15 kb in size transduced the mouse heart and improved heart function in a setting of 
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pressure overload16, and prevented cardiac dysfunction in settings of diabetic 

cardiomyopathy15. Although the 5.15 kb transgene still provided efficacy at the upper 

limit of the AAV packaging capacity, production of an AAV containing such a large 

transgene was inefficient, and labour intensive. To overcome this limitation and assess if 

a small fragment of PI3K could still be functional in the hearts of mice and sheep, we 

generated an AAV containing an inter-SH2 domain (iSH2): a small fragment that sits 

between the two SH2 domains of the p85 regulatory subunit of PI3K. The role and 

sequence of this subunit was first described by Klippel et.al.10 who demonstrated that in 

cultured cells the iSH2 domain alone was capable of binding to the p110α catalytic 

subunit of PI3K and generating PI3K activity. Moreover, p85 lacking iSH2 is unable to 

bind to p110α and form a functional heterodimer. Our studies replicated these findings in 

animal models by demonstrating that iSH2 could bind to p110α and generate downstream 

PI3K activity. The phosphorylation of Akt, a key downstream event of PI3K signalling, 

tended to be higher (P=0.08) in hearts of healthy adult mice administered AAV-cTnT-

IVS2-iSH2 and significantly higher in the hearts of mice that had undergone I/R (P=0.03). 

In regards to economic viability, using the much smaller iSH2 construct (~2.3 kb size) 

instead of the caPI3K construct (~5.15 kb) drastically improved the efficiency of AAV 

vector production (~18-fold increase in production yield) and significantly reduced the 

production cost. 

To improve cardiac transgene expression we trialled inserting β-globin intron 2 (IVS2) 

between the promoter and transgene to determine if it was capable of improving AAV6-

mediated cardiac transgene expression. IVS1 & 2 were initially reported to improve 

transcriptional efficiency in plasmid vector systems more than thirty years ago24. In the 

current study, the impact of IVS2 was most prominent at the 1x1012 vg dose in which we 

observed a 3-fold increase in cardiac transgene expression. The efficacy of IVS2 in 

improving transgene expression has also been observed through microinjection of 

plasmid DNA33, and more recently it was shown to provide greater than a 5-fold increase 

in AAV-mediated transgene expression in the liver of mice 26. In line with these findings, 

we now show that that incorporation of IVS2 into a cardiac promoter driven by AAV6 

can improve transgene expression in the heart. This is significant, because the human and 

large animal heart has been challenging to transduce32, 34, 35. In the CUPID2 clinical trial 

which administered AAV1 encoding a SERCA2a transgene or placebo to 243 HF 

patients, no improvement in cardiac function or LV remodelling was identified. One 

explanation provided for the lack of efficacy was inadequate transduction efficiency with 
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AAV-mediated expression of SERCA2a occurring in only a small proportion of 

cardiomyocytes36. Thus, any tool which can enhance AAV-mediated transduction such as 

IVS2 may prove valuable in improving transduction of the human heart. The value of the 

truncated PI3K AAV constructs was further highlighted when evaluating transduction of 

the sheep heart. We were unable to detect any transduction of our AAVs containing 

caPI3K, but identified a strong signal with constructs containing iSH2. Furthermore, the 

addition of IVS2 improved the transduction of AAV6-cTnT-iSH2 in the sheep heart.  

Having developed a new AAV gene therapy tool with the capacity to generate PI3K 

activity, and efficiently transduce the mouse and sheep heart, we next examined the 

therapeutic potential of this AAV in a mouse model of I/R injury. The phosphorylation of 

Akt was significantly higher in hearts of I/R mice treated with AAV-cTnT-IVS2-iSH2 

compared with saline controls.  Despite the increased phosphorylation of Akt in the I/R 

model, this was not associated with positive outcomes based on morphology, cardiac 

function, cardiac fibrosis or % CD68 positive cells. A number of factors may have 

contributed to the lack of functional improvement. First, the dose of the AAV in the I/R 

model may have been too high, leading to some systemic toxicity, and limiting the ability 

to identify any cardiac protection. The same dose (2x1012 vg) did not appear to be 

associated with any phenotype in healthy adult mice in which organ weights and 

appearance were indistinguishable from control saline mice. However, in the I/R model, 

spleen, kidney and HW/TL ratio were all higher in mice receiving AAV in comparison to 

saline. This does not represent a significant immune response since spleen weights were 

only marginally elevated ( 90-95 mg in the AAV groups vs 82 mg in the saline group), 

and in the healthy basal cohort, spleen weights were 90 mg in the saline cohort. Further, 

there was no evidence of exacerbated depressed cardiac function or performance in I/R 

mice administered AAV6-cTnT-control versus saline. However, given normalised heart 

and kidney weights were elevated in the I/R cohorts receiving AAV, we cannot exclude 

this may have impacted the results. Second, the delivery of AAV may have occurred too 

late to provide benefit. Transduction of AAV6 in the mouse heart has been reported to 

peak 21 days following administration37. Given we administered AAV one day after I/R 

surgery, irreversible cardiac damage may already have occurred by the time the heart was 

sufficiently expressing iSH2 (3 weeks following the cardiac insult). Third, the elevation 

in Akt phosphorylation in the I/R heart (average of 2-fold) may have been inadequate in 

this severe cardiac disease model. However, of note, we previously identified an 

improvement in heart function in a pressure overload model, and the phosphorylation of 
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Akt was elevated 1.6-1.7- fold. Moreover, Akt has previously been observed to protect 

against an I/R injury in the mouse heart38.  Though the degree of Akt activation was not 

quantitatively assessed. Cardiac protection following administration of AAV6/9 vectors 

with complement component 1q (C1q) and tumour necrosis factor related protein 5 

(CTRP5) or a novel muscle-specific micropeptide dwarf open reading frame (DWORF) to 

mice following I/R or myocardial infarction injuries have been previously observed39, 40. 

The time point of AAV administration was a key difference between these studies and 

ours, as the AAV vectors were administered three and eight weeks prior to the cardiac 

insult, respectively. Further, in the study assessing AAV-DWORF that enhances 

SERCA2a activity, the AAV was administered prior to adult hood at postnatal day 5 and 

CTRP5 study also differed in that a slightly different model of I/R injury was used, 24 

hours after reperfusion the LAD was re-tied permanently, providing only a temporary 

reperfusion. Moreover, given that cardiac function is governed by a multitude of 

signalling pathways, approaches such as dual-AAV mediated therapies that can target 

multiple protective pathways simultaneously are likely to confer greater functional 

improvements. This has already shown promise in improving outcomes as well as 

facilitating the administration of transgenes too large for a single AAV vector in 

numerous non-cardiac AAV-based therapeutic trials41.  

In conclusion, in this report we have described the development and optimisation of a 

truncated PI3K AAV gene therapy (AAV6-cTnT-IVS2-iSH2) which can efficiently 

transduce the mouse and sheep heart. Future studies in cardiac stress settings should 

administer AAV6-cTnT-IVS2-iSH2 at a lower dose and an earlier time point to assess the 

therapeutic potential of this new gene therapy tool.  

 

 

 

 

 

 

 

 

 

 



174 
 

References 

1. Taylor CJ, Ordonez-Mena JM, Roalfe AK, et al. Trends in survival after a diagnosis of 
heart failure in the United Kingdom 2000-2017: population based cohort study. BMJ. Feb 13 
2019;364:l223. doi:10.1136/bmj.l223 
2. He J, Ogden LG, Bazzano LA, Vupputuri S, Loria C, Whelton PK. Risk factors for congestive 
heart failure in US men and women: NHANES I epidemiologic follow-up study. Arch Intern Med. 
Apr 9 2001;161(7):996-1002. doi:10.1001/archinte.161.7.996 
3. Djousse L, Driver JA, Gaziano JM. Relation between modifiable lifestyle factors and 
lifetime risk of heart failure. JAMA. Jul 22 2009;302(4):394-400. doi:10.1001/jama.2009.1062 
4. Nayor M, Vasan RS. Preventing heart failure: the role of physical activity. Curr Opin 
Cardiol. Sep 2015;30(5):543-50. doi:10.1097/HCO.0000000000000206 
5. Flynn KE, Pina IL, Whellan DJ, et al. Effects of exercise training on health status in 
patients with chronic heart failure: HF-ACTION randomized controlled trial. JAMA. Apr 8 
2009;301(14):1451-9. doi:10.1001/jama.2009.457 
6. Hambrecht R, Gielen S, Linke A, et al. Effects of exercise training on left ventricular 
function and peripheral resistance in patients with chronic heart failure: A randomized trial. 
JAMA. Jun 21 2000;283(23):3095-101. doi:10.1001/jama.283.23.3095 
7. O'Connor CM, Whellan DJ, Lee KL, et al. Efficacy and safety of exercise training in 
patients with chronic heart failure: HF-ACTION randomized controlled trial. JAMA. Apr 8 
2009;301(14):1439-50. doi:10.1001/jama.2009.454 
8. Pandey A, Parashar A, Kumbhani D, et al. Exercise training in patients with heart failure 
and preserved ejection fraction: meta-analysis of randomized control trials. Circ Heart Fail. Jan 
2015;8(1):33-40. doi:10.1161/CIRCHEARTFAILURE.114.001615 
9. Wisloff U, Stoylen A, Loennechen JP, et al. Superior cardiovascular effect of aerobic 
interval training versus moderate continuous training in heart failure patients: a randomized 
study. Circulation. Jun 19 2007;115(24):3086-94. doi:10.1161/CIRCULATIONAHA.106.675041 
10. Klippel A, Escobedo JA, Hu Q, Williams LT. A region of the 85-kilodalton (kDa) subunit of 
phosphatidylinositol 3-kinase binds the 110-kDa catalytic subunit in vivo. Mol Cell Biol. Sep 
1993;13(9):5560-6. doi:10.1128/mcb.13.9.5560-5566.1993 
11. Bass-Stringer S, Tai CMK, McMullen JR. IGF1-PI3K-induced physiological cardiac 
hypertrophy: Implications for new heart failure therapies, biomarkers, and predicting 
cardiotoxicity. J Sport Health Sci. Nov 24 2020;doi:10.1016/j.jshs.2020.11.009 
12. McMullen JR, Amirahmadi F, Woodcock EA, et al. Protective effects of exercise and 
phosphoinositide 3-kinase(p110alpha) signaling in dilated and hypertrophic cardiomyopathy. 
Proc Natl Acad Sci U S A. Jan 9 2007;104(2):612-7. doi:10.1073/pnas.0606663104 
13. Pretorius L, Du XJ, Woodcock EA, et al. Reduced phosphoinositide 3-kinase (p110alpha) 
activation increases the susceptibility to atrial fibrillation. Am J Pathol. Sep 2009;175(3):998-
1009. doi:10.2353/ajpath.2009.090126 
14. Lin RC, Weeks KL, Gao XM, et al. PI3K(p110 alpha) protects against myocardial infarction-
induced heart failure: identification of PI3K-regulated miRNA and mRNA. Arterioscler Thromb 
Vasc Biol. Apr 2010;30(4):724-32. doi:10.1161/ATVBAHA.109.201988 
15. Ritchie RH, Love JE, Huynh K, et al. Enhanced phosphoinositide 3-kinase(p110alpha) 
activity prevents diabetes-induced cardiomyopathy and superoxide generation in a mouse 
model of diabetes. Diabetologia. Dec 2012;55(12):3369-81. doi:10.1007/s00125-012-2720-0 
16. Weeks KL, Gao X, Du XJ, et al. Phosphoinositide 3-kinase p110alpha is a master regulator 
of exercise-induced cardioprotection and PI3K gene therapy rescues cardiac dysfunction. Circ 
Heart Fail. Jul 1 2012;5(4):523-34. doi:10.1161/CIRCHEARTFAILURE.112.966622 
17. Perrino C, Naga Prasad SV, Mao L, et al. Intermittent pressure overload triggers 
hypertrophy-independent cardiac dysfunction and vascular rarefaction. J Clin Invest. Jun 
2006;116(6):1547-60. doi:10.1172/JCI25397 



175 
 

18. Bernardo BC, Ooi JYY, Weeks KL, Patterson NL, McMullen JR. Understanding Key 
Mechanisms of Exercise-Induced Cardiac Protection to Mitigate Disease: Current Knowledge and 
Emerging Concepts. Physiol Rev. Jan 1 2018;98(1):419-475. doi:10.1152/physrev.00043.2016 
19. McMullen JR, Shioi T, Zhang L, et al. Phosphoinositide 3-kinase(p110alpha) plays a 
critical role for the induction of physiological, but not pathological, cardiac hypertrophy. Proc 
Natl Acad Sci U S A. Oct 14 2003;100(21):12355-60. doi:10.1073/pnas.1934654100 
20. Prakoso D, De Blasio MJ, Qin C, et al. Phosphoinositide 3-kinase (p110alpha) gene 
delivery limits diabetes-induced cardiac NADPH oxidase and cardiomyopathy in a mouse model 
with established diastolic dysfunction. Clin Sci (Lond). Jun 1 2017;131(12):1345-1360. 
doi:10.1042/CS20170063 
21. Prakoso D, De Blasio MJ, Tate M, et al. Gene therapy targeting cardiac phosphoinositide 
3-kinase (p110alpha) attenuates cardiac remodeling in type 2 diabetes. Am J Physiol Heart Circ 
Physiol. Apr 1 2020;318(4):H840-H852. doi:10.1152/ajpheart.00632.2019 
22. Wu Z, Yang H, Colosi P. Effect of genome size on AAV vector packaging. Mol Ther. Jan 
2010;18(1):80-6. doi:10.1038/mt.2009.255 
23. Grieger JC, Samulski RJ. Packaging capacity of adeno-associated virus serotypes: impact 
of larger genomes on infectivity and postentry steps. J Virol. Aug 2005;79(15):9933-44. 
doi:10.1128/JVI.79.15.9933-9944.2005 
24. Buchman AR, Berg P. Comparison of intron-dependent and intron-independent gene 
expression. Mol Cell Biol. Oct 1988;8(10):4395-405. doi:10.1128/mcb.8.10.4395-4405.1988 
25. Gregorevic P, Blankinship MJ, Allen JM, et al. Systemic delivery of genes to striated 
muscles using adeno-associated viral vectors. Nat Med. Aug 2004;10(8):828-34. 
doi:10.1038/nm1085 
26. Wang L, Muthuramu I, Somanathan S, et al. Developing a second-generation clinical 
candidate AAV vector for gene therapy of familial hypercholesterolemia. Mol Ther Methods Clin 
Dev. Sep 10 2021;22:1-10. doi:10.1016/j.omtm.2021.04.017 
27. Gao XM, Wu QZ, Kiriazis H, et al. Microvascular leakage in acute myocardial infarction: 
characterization by histology, biochemistry, and magnetic resonance imaging. Am J Physiol Heart 
Circ Physiol. May 1 2017;312(5):H1068-H1075. doi:10.1152/ajpheart.00073.2017 
28. Donner D, Kiriazis, H., Gao, X., & Du, X. A novel non-invasive measurement of myocardial 
infarct size in the mouse using cardiac ultrasound tissue displacement mapping. Journal of 
Molecular and Cellular Cardiology. 2020;(140):6-7.  
29. Sapra G, Tham YK, Cemerlang N, et al. The small-molecule BGP-15 protects against heart 
failure and atrial fibrillation in mice. Nat Commun. Dec 9 2014;5:5705. doi:10.1038/ncomms6705 
30. Shioi T, Kang PM, Douglas PS, et al. The conserved phosphoinositide 3-kinase pathway 
determines heart size in mice. EMBO J. Jun 1 2000;19(11):2537-48. 
doi:10.1093/emboj/19.11.2537 
31. Thomas CJ, Lim NR, Kedikaetswe A, et al. Evidence that the MEK/ERK but not the 
PI3K/Akt pathway is required for protection from myocardial ischemia-reperfusion injury by 
3',4'-dihydroxyflavonol. Eur J Pharmacol. Jul 5 2015;758:53-9. doi:10.1016/j.ejphar.2015.03.054 
32. Bass-Stringer S, Bernardo BC, May CN, Thomas CJ, Weeks KL, McMullen JR. Adeno-
Associated Virus Gene Therapy: Translational Progress and Future Prospects in the Treatment of 
Heart Failure. Heart Lung Circ. Nov 2018;27(11):1285-1300. doi:10.1016/j.hlc.2018.03.005 
33. Chatterjee S, Min L, Karuturi RK, Lufkin T. The role of post-transcriptional RNA processing 
and plasmid vector sequences on transient transgene expression in zebrafish. Transgenic Res. 
Apr 2010;19(2):299-304. doi:10.1007/s11248-009-9312-x 
34. Lyon AR, Babalis D, Morley-Smith AC, et al. Investigation of the safety and feasibility of 
AAV1/SERCA2a gene transfer in patients with chronic heart failure supported with a left 
ventricular assist device - the SERCA-LVAD TRIAL. Gene Ther. Dec 2020;27(12):579-590. 
doi:10.1038/s41434-020-0171-7 
35. Hajjar RJ, Ishikawa K. Introducing Genes to the Heart: All About Delivery. Circ Res. Jan 6 
2017;120(1):33-35. doi:10.1161/CIRCRESAHA.116.310039 



176 
 

36. Greenberg B, Butler J, Felker GM, et al. Calcium upregulation by percutaneous 
administration of gene therapy in patients with cardiac disease (CUPID 2): a randomised, 
multinational, double-blind, placebo-controlled, phase 2b trial. Lancet. Mar 19 
2016;387(10024):1178-86. doi:10.1016/S0140-6736(16)00082-9 
37. Zincarelli C, Soltys S, Rengo G, Koch WJ, Rabinowitz JE. Comparative cardiac gene 
delivery of adeno-associated virus serotypes 1-9 reveals that AAV6 mediates the most efficient 
transduction in mouse heart. Clin Transl Sci. Jun 2010;3(3):81-9. doi:10.1111/j.1752-
8062.2010.00190.x 
38. Fujio Y, Nguyen T, Wencker D, Kitsis RN, Walsh K. Akt promotes survival of 
cardiomyocytes in vitro and protects against ischemia-reperfusion injury in mouse heart. 
Circulation. Feb 15 2000;101(6):660-7. doi:10.1161/01.cir.101.6.660 
39. Peng M, Liu Y, Zhang XQ, Xu YW, Zhao YT, Yang HB. CTRP5-Overexpression Attenuated 
Ischemia-Reperfusion Associated Heart Injuries and Improved Infarction Induced Heart Failure. 
Front Pharmacol. 2020;11:603322. doi:10.3389/fphar.2020.603322 
40. Makarewich CA, Bezprozvannaya S, Gibson AM, Bassel-Duby R, Olson EN. Gene Therapy 
With the DWORF Micropeptide Attenuates Cardiomyopathy in Mice. Circ Res. Oct 23 
2020;127(10):1340-1342. doi:10.1161/CIRCRESAHA.120.317156 
41. Tornabene P, Trapani I. Can Adeno-Associated Viral Vectors Deliver Effectively Large 
Genes? Hum Gene Ther. Jan 2020;31(1-2):47-56. doi:10.1089/hum.2019.220 



 

177 
 

Table 1. Morphological data from healthy adult mouse cohort. 

 Saline AAV6-cTnT-IVS2-iSH2 

(2x1012 vg) 

P-value† 

No. of animals 4 5  

Age (weeks) 19.4 ± 0.3 19.5 ± 0.1 0.79 

Body Weight (BW, g) 30.1 ± 1.8 29.8 ± 1.8 0.91 

Tibia Length (TL, mm) 16.8 ± 0.2 16.8 ± 0.2 0.93 

Heart Weight (HW, mg) 134.3 ± 10.5 127.8 ± 5.0 0.57 

Atria Weight (AW, mg) 8.4 ± 1.4 7.1 ± 0.6 0.21 

Lung Weight (LW, mg) 161.8 ± 12.4 153.6 ± 4.5 0.52 

Liver Weight (LivW, 

mg) 

1435.0 ± 130 1309.0 ± 63.6 0.38 

Kidney Weight (KW, 

mg;     right and left) 

470.4 ± 40.0 430.9 ± 12.8 0.34 

Spleen Weight (SW, 

mg) 

90.7 ± 7.0 86.6 ± 4.0 0.60 

HW/BW (mg/g) 4.5 ± 0.1 4.3 ± 0.2 0.55 

HW/TL (mg/mm) 8.0 ± 0.6 7.6 ± 0.2 0.50 

AW/TL (mg/mm) 0.5 ± 0.0 0.4 ± 0.0 0.14 

LW/TL (mg/mm) 9.6 ± 0.6 9.1 ± 0.2 0.45 

LivW/TL (mg/mm) 85.3 ± 6.9 77.8 ± 3.2 0.32 

KW/TL (mg/mm) 28.0 ± 2.1 25.6 ± 0.6 0.27 

SW/TL (mg/mm) 90.7 ± 7.0 86.6 ± 4.0 0.54 

Results presented as mean ± SEM. †Unpaired t-tests. 
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Table 2. Myocardial Ischemia-Reperfusion mice cohort morphology administered 

saline or AAV6-cTnT-Control. 

 Saline AAV6-cTnT-

Control 

P-value† 

No. of animals 8 7  

Age (weeks) 23.2 ± 0.2 23.8 ± 0.2 0.13 

Body Weight (BW, g) 35.0 ± 0.9 36.5 ± 1.0 0.17 

Tibia Length (TL, mm) 16.9 ± 0.1 (n=7) 17.1 ± 0.1 0.22 

Heart Weight (HW, g) 144.9 ± 5.0 157.9 ± 4.0 0.07 

Atria Weight (AW, mg) 8.5 ± 0.9 9.1 ± 1.0 0.68 

Lung Weight (LW, mg) 162.4 ± 16.1 157.9 ± 3.9 0.81 

Liver Weight (LivW, mg) 1206.0 ± 84.5 1209.0 ± 67.9 0.65 

Kidney Weight (KW, mg; 

left) 

194.0 ± 5.7 221.9 ± 7.7   0.01* 

Spleen Weight (SW, mg) 81.4 ± 2.2 95.5 ± 4.1   0.01* 

HW/BW (mg/g) 4.1 ± 0.1 4.3 ± 0.1 0.26 

HW/TL (mg/mm) 8.3 ± 0.2 (n=7) 9.3 ± 0.3   0.02* 

AW/TL (mg/mm) 0.5 ± 0.0 (n=7) 0.5 ± 0.1 0.48 

LW/TL (mg/mm) 8.7 ± 0.2 (n=7) 9.3 ± 0.2 0.08 

LivW/TL (mg/mm) 73.7 ± 4.8 (n=7) 70.1 ± 4.0 0.65 

KW/TL (mg/mm) 11.4 ± 0.4 (n=7) 13.0 ± 0.5   0.02* 

SW/TL (mg/mm) 4.9 ± 0.1 (n=7) 5.6 ± 0.2   0.02* 

Results presented as mean ± SEM. †Unpaired t-tests. * P<0.05 AAV6-cTnT-Control vs 

Saline. 

One saline mouse had a tibia broken for both legs (n=7 for saline for tibia measurements)  
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Table 3. Echocardiography: Myocardial Ischemia-Reperfusion mice IR cohort 

administered saline or AAV6-cTnT-Control. 

 Saline AAV6-cTnT-

Control 

P-value† 

No. of animals 8 7  

Heart Rate (BPM) 521 ± 24 490 ± 10 0.28 

End-systolic area 

(mm) 

26.0 ± 2.4 28.1 ± 1.3 0.46 

End-diastolic area 

(mm) 

31.1 ± 2.0 33.1 ± 1.5 0.43 

End-systolic volume 

(μL) 

84.3 ± 13.6  98.9 ± 7.1 0.38 

End-diastolic volume 

(μL) 

109.2 ± 12.8 125.3 ± 8.9 0.33 

Stroke Volume (μL) 24.9 ± 2.6 26.4 ± 4.1 0.77 

Ejection Fraction (%) 25 ± 4  21 ± 3 0.41 

Fractional Shortening 

(%) 

7 ± 0  7 ± 1 0.88 

Cardiac Output 

(ml/min) 

12.5 ± 1.5  12.8 ± 2.0 0.91 

Area Change (%) 17.5 ± 2.7 15.3 ± 1.5 0.50 

Results presented as mean ± SEM. †Unpaired t-tests. 

BPM: Beats per minute. 
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Table 4. PV-loop analysis: Myocardial Ischemia-Reperfusion mice cohort 

administered saline or AAV6-cTnT-Control. 

 Saline AAV6-cTnT-

Control 

P-value† 

No. of animals 6 6  

Heart Rate (BPM) 555 ± 22 583 ± 14 0.31 

SW (mmHg x µL) 1569 ± 304 1449 ± 313 0.79 

Developed pressure (mmHg) 87.8 ± 3.2 85.4 ± 2.8 0.58 

End-systolic pressure 

(mmHg) 

85.2 ± 2.4 83.5 ± 2.5 0.65 

End-diastolic pressure 

(mmHg) 

4.8 ± 0.7 7.8 ± 3.3  0.39 

Ea (mmHg/µL) 4.0 ± 0.5 4.7 ± 0.8 0.45 

Power Maximum (mmHg x 

µL/s) 

14567 ± 731 16198 ± 7366 0.83 

dP/dt Maximum (mmHg/s) 8710 ± 917 7896 ± 636 0.48 

dP/dt Minimum (mmHg/s) -7438 ± 534 -6129 ± 588 0.13 

dV/dt Maximum (µL/s) 1005 ± 172 801.5 ± 176 0.42 

dV/dt Minimum (µL/s) -846 ± 107 -802 ± 198 0.85 

Tau (ms) 5.7 ± 0.3 6.5 ± 0.4 0.17 

ESPVR 2.0 ± 0.3 (n=5) 2.9 ± 0.4 (n=4) 0.12 

EDPVR 0.3 ± 0.0 (n=5) 0.4 ± 0.1 (n=4) 0.61 

Systolic Pressure  (Arterial) 83.3 ± 3.7 80.2 ± 3.0 0.52 

Diastolic pressure (Arterial) 52.0 ± 3.9 52.7 ± 2.9 0.89 

Pulse pressure (Arterial) 31.3 ± 1.5 27.5 ± 1.0 0.06 

Results presented as mean ± SEM. †Unpaired t-tests.  

BPM: Beats per minute, SW: Stroke work, ESPVR: End systolic pressure volume 

relationship, EDPVR: End diastolic pressure volume relationship. Numbers are lower for 

ESPVR and EDPVR as not all animals were suitable for this analysis. 
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Table 5. Myocardial Ischemia-Reperfusion mice cohort morphology. 

 Saline AAV6-

cTnT-

Control 

AAV6-cTNT-

IVS2-iSH2 

P value† 

No. of animals 8 7 14  

Age (weeks) 23.2 ± 0.2 23.8 ± 0.2 23.4 ± 0.1 0.18 

Body Weight (BW, 

g) 

35.0 ± 0.9 36.5 ± 1.0 35.3 ± 1.0 0.61 

Tibia Length  

(TL, mm) 

16.9 ± 0.1 (n=7) 17.1 ± 0.1 16.9 ± 0.1 0.33 

Heart Weight  

(HW, mg) 

144.9 ± 5.0 157.9 ± 4.0 160.3 ± 8.1 0.33 

Atria Weight  

(AW, mg) 

8.5 ± 0.9 9.1 ± 1.0 11.1 ± 1.3 0.30 

Lung Weight  

(LW, mg) 

162.4 ± 16.1 157.9 ± 3.9 167.3 ± 8.2 0.81 

Liver Weight  

(LivW, mg) 

1206.0 ± 84.5 1209.0 ± 

67.9 

1198.0 ± 50.6 0.99 

Kidney Weight 

(KW, mg; left) 

194.0 ± 5.7 221.9 ± 7.7 224.4 ± 9.0 0.05 

Spleen Weight  

(SW, mg) 

81.4 ± 2.2 95.5 ± 4.1 90.1 ± 4.3 0.12 

HW/BW (mg/g) 4.1 ± 0.1 4.3 ± 0.1 4.5 ± 0.2 0.24 

HW/TL (mg/mm) 8.3 ± 0.2 (n=7) 9.3 ± 0.3 9.5 ± 0.5 0.20 

AW/TL (mg/mm) 0.5 ± 0.0 (n=7) 0.5 ± 0.1 0.7 ± 0.1  0.16 

LW/TL (mg/mm) 8.7 ± 0.2 (n=7) 9.3 ± 0.2 9.9 ± 0.5 0.16 

LivW/TL 

(mg/mm) 

73.7 ± 4.8 (n=7) 70.1 ± 4.0 70.9 ± 3.1 0.16 

KW/TL (mg/mm) 11.4 ± 0.4 (n=7) 13.0 ± 0.5 13.3 ± 0.5 0.06 

SW/TL (mg/mm) 4.9 ± 0.1 (n=7) 5.6 ± 0.2 5.3 ± 0.2 0.20 

Results presented as mean ± SEM. †One -way ANOVA with Tukey’s posthoc test.  One 

saline mouse had a tibia broken for both legs (n=7 for saline for tibia measurements).  
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Table 6. Echocardiography myocardial Ischemia-Reperfusion mice cohort. 

 Saline AAV6-

cTnT-

Control 

AAV6-

cTnT-IVS2-

iSH2 

P-value† 

No. of animals 8 7 14  

Heart Rate (BPM) 521 ± 24 490 ± 10 523 ± 11 0.30 

End-systolic area 

(mm) 

26.0 ± 2.4 28.1 ± 1.3 30.2 ± 2.4 0.43 

End-diastolic area 

(mm) 

31.1 ± 2.0 33.1 ± 1.5 34.9 ± 2.3 0.48 

End-systolic volume 

(μL) 

84.3 ± 13.6  98.9 ± 7.1 113.2 ± 14.6 0.35 

End-diastolic volume 

(μL) 

109.2 ± 12.8 125.3 ± 8.9 139.9 ± 15.5 0.34 

Stroke Volume (μL) 24.9 ± 2.6 26.4 ± 4.1 26.7 ± 2.2 0.90 

Ejection Fraction (%) 25 ± 4 21 ± 3 21 ± 2 0.45 

Fractional Shortening 

(%) 

7 ± 0  7 ± 1 6 ± 1 0.71 

Cardiac Output 

(ml/min) 

12.5 ± 1.5  12.8 ± 2.0 13.9 ± 1.2 0.77 

Area Change (%) 17.5 ± 2.7 15.3 ± 1.5 14.4 ± 1.2 0.43 

Results presented as mean ± SEM. †One -way ANOVA with Tukey’s posthoc test.   

BPM: Beats per minute 
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Table 7. Pressure-Volume loop analysis Myocardial Ischemia-Reperfusion mice 

cohort. 

Haemodynamic 

Parameters 

Saline AAV6-

cTnT-

Control 

AAV6-

cTnT-IVS2-

iSH2 

P-value† 

No. of animals 6 6 12  

Heart Rate (BPM) 555 ± 22 583 ± 14 538 ± 13 0.15 

SW (mmHg x µL) 1569 ± 304 1449 ± 313 1506 ± 172 0.95 

Developed pressure 

(mmHg) 

87.8 ± 3.2 85.4 ± 2.8 77.7 ± 2.9 0.06 

End-systolic pressure 

(mmHg) 

85.2 ± 2.4 83.5 ± 2.5 76.1 ± 2.9 0.07 

End-diastolic pressure 

(mmHg) 

4.8 ± 0.7 7.8 ± 3.3  6.2 ± 0.7 0.50 

Ea (mmHg/µL) 4.0 ± 0.5 4.7 ± 0.8 3.2 ± 0.3 0.09 

Power Maximum  

(mmHg x µL/s) 

14567 ± 

7312 

16198 ± 7366 17130 ± 2702 0.90 

dP/dt Maximum 

(mmHg/s) 

8710 ± 917 7896 ± 636 7196 ± 568 0.31 

dP/dt Minimum 

(mmHg/s) 

-7438 ± 534 -6129 ± 588 -5529 ± 440 0.05 

dV/dt Maximum (µL/s) 1005 ± 172 801.5 ± 176 1088 ± 208 0.64 

dV/dt Minimum (µL/s) -846 ± 107 -802 ± 198 -914 ± 98 0.82 

Tau (ms) 5.7 ± 0.3 6.5 ± 0.4 6.5 ± 0.2 0.16 

ESPVR 2.0 ± 0.3 

(n=5) 

2.9 ± 0.4 

(n=4) 

1.5 ± 0.2 

(n=9) 

0.008*  

EDPVR 0.3 ± 0.0 

(n=5) 

0.4 ± 0.1 

(n=4) 

0.4 ± 0.0 

(n=9) 

0.67 

Systolic Pressure  

(Arterial) 

83.3 ± 3.7 80.2 ± 3.0 75.9 ± 2.4 0.21 

Diastolic pressure 

(Arterial) 

52.0 ± 3.9 52.7 ± 2.9 47.7 ± 3.0 0.45 

Pulse pressure (Arterial) 31.3 ± 1.5 27.5 ± 1.0 28.2 ± 1.6 0.30 

Results presented as mean ± SEM. †One -way ANOVA with Tukey’s posthoc test.  

*AAV- Control vs AAV-iSH2. BPM: Beats per minute, SW: Stroke work, ESPVR: End 

systolic pressure volume relationship, EDPVR: End diastolic pressure volume 

relationship. Numbers are lower for ESPVR and EDPVR as not all animals were suitable 

for this analysis. 
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Supplementary data- Generation of AAV6 vectors 

Generation of AAV6 vectors 

This section describes the generation of AAV6 constructs containing the cTnT promoter, 

constitutively active phosphoinositide 3-kinase (caPI3K-made with iSH2p110), iSH2 and 

IVS2 inserts. The generation of these constructs stems from and follows on from the 

generation AAV6-CMV-MCS-SpA (Figure S1 A and B) AAV6-CMV-caPI3K-SpA  (S1 

C and D) which have previously been described in detail 1. 

 

 

GAGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCCATCCACGCTGTTTTGACCTCCATAGAAGACAC

CGGGACCGATCCAGCAGGATCCCCGCGGGCGGCCGCAAGCTTGGTACCGATATCCTCGAGACTAGTGGATC

CCAATAAAAGATCTTTATTTTCATTAGATCTGTGTGTTGGTTTTTTGTGTGACTGCAGATACGTAGATAAG

TAGCATGGCGGGTTAATCATTAACTACAAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGC

TCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGA

GCGAGCGAGCGCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAG

CCTGAATGGCGAATGGAATTCCAGACGATTGAGCGTCAAAATGTAGGTATTTCCATGAGCGTTTTTCCTGT

TGCAATGGCTGGCGGTAATATTGTTCTGGATATTACCAGCAAGGCCGATAGTTTGAGTTCTTCTACTCAGG

CAAGTGATGTTATTACTAATCAAAGAAGTATTGCGACAACGGTTAATTTGCGTGATGGACAGACTCTTTTA

CTCGGTGGCCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAAATCCCTTT

AATCGGCCTCCTGTTTAGCTCCCGCTCTGATTCTAACGAGGAAAGCACGTTATACGTGCTCGTCAAAGCAA

CCATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTAC

ACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGC 
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ATGGCTCAGTATAATCCCAAATTGGATGTGAAATTACTTTATCCAGTATCCAAATACCAACAGGATCAAGTTGTCAAAGAAGATAATATT

GAAGCTGTAGGGAAAAAATTACATGAATATAACACTCAGTTTCAAGAAAAAAGTCGAGAATATGATAGATTATATGAAGAATATACCCGC

ACATCCCAGGAAATCCAAATGAAAAGGACAGCTATTGAAGCATTTAATGAAACCATAAAAATATTTGAAGAACAGTGCCAGACCCAAGAG

CGGTACAGCAAAGAATACATAGAAAAGTTTAAACGTGAAGGCAATGAGAAAGAAATACAAAGGATTATGCATAATTATGATAAGTTGAAG

TCTCGAATCAGTGAAATTATTGACAGTAGAAGAAGATTGGAAGAAGACTTGAAGAAGCAGGCAGCTGAGTATCGAGAAATTGACAAACGT

ATGAACAGCATTAAACCAGACCTTATCCAGCTGAGAAAGACGAGAGACCAATACTTGATGTGGTTGACTCAAAAAGGTGTTCGGCAAAAG

AAGTTGAACGAGTGGTTGGGCAATGAAAACACTGAAGACCAATATTCACTGGTGGAAGATGATGAAGATTTGCCCCATCATGATGAGAAG

ACATGGAATGTTGGAAGCAGCAACCGAAACAAAGCTGAAAACCTGTTGCGAGGGAAGCGAGATGGCACTTTTCTTGTCCGGGAGAGCAGT

AAACAGGGCTGCTATGCCTGCTCTGTAGTGGTGCCCGGGATTTCCGGTGGTGGTGGTGGTGTCGACATGCCTCCAAGACCATCATCAGGT

GAACTGTGGGGCATCCACTTGATGCCCCCAAGAATCCTAGTAGAATGTTTACTACCAAATGGGATGATAGTGACTTTAGAATGCCTCCGT

GAGGCTACGTTAATAACGATAAAGCATGAACTATTTAAAGAAGCAAGAAAATACCCTCTCCATCAACTTCTTCAAGATGAATCTTCTTAC

ATTTTCGTAAGTGTTACCCAAGAAGCAGAAAGGGAAGAATTTTTTGATGAAACAAGACGACTTTGTGACCTTCGGCTTTTTCAACCCTTT

TTAAAAGTAATTGAACCAGTAGGCAACCGTGAAGAAAAGATCCTCAATCGAGAAATTGGTTTTGCTATCGGCATGCCAGTGTGTGAATTC

GATATGGTTAAAGATCCAGAAGTACAGGACTTCCGAAGAAATATTCTCAATGTTTGTAAAGAAGCTGTGGATCTTAGGGATCTTAATTCA

CCTCATAGTAGAGCAATGTATGTTTATCCTCCAAATGTAGAATCTTCACCAGAACTGCCAAAGCACATATATAATAAATTGGATAAAGGG

CAAATAATAGTGGTGATTTGGGTAATAGTTTCTCCAAATAATGACAAACAGAAGTATACTCTGAAAATCAACCATGACTGTGTGCCAGAA

CAAGTAATTGCTGAAGCAATCAGGAAAAAAACTCGAAGTATGTTGCTATCATCTGAACAACTAAAACTCTGTGTTTTAGAATATCAGGGC

AAGTATATTTTAAAAGTGTGTGGATGTGATGAATACTTCCTAGAAAAATATCCTCTGAGTCAGTATAAGTATATAAGAAGCTGTATAATG

CTTGGGAGGATGCCCAATTTGATGCTGATGGCTAAAGAAAGCCTCTATTCTCAACTGCCAATGGACTGTTTTACAATGCCATCATATTCC

AGACGCATCTCCACAGCTACGCCATATATGAATGGAGAAACATCTACAAAATCCCTTTGGGTTATAAATAGTGCACTCAGAATAAAAATT

CTTTGTGCAACCTATGTGAATGTAAATATTCGAGACATTGACAAGATTTATGTTCGAACAGGTATCTACCATGGAGGAGAACCCTTATGT

GATAATGTGAACACTCAAAGAGTACCTTGTTCCAATCCCAGGTGGAATGAATGGCTGAATTACGATATATACATTCCTGATCTTCCTCGT

GCTGCTCGACTTTGCCTTTCCATTTGTTCTGTTAAAGGCCGAAAGGGTGCTAAAGAGGAACACTGTCCATTGGCCTGGGGAAATATAAAC

TTGTTTGATTACACAGATACTCTAGTATCTGGAAAAATGGCTTTGAATCTTTGGCCAGTACCTCATGGACTAGAAGATTTGCTGAACCCT

ATTGGTGTTACTGGATCAAATCCAAATAAAGAAACTCCATGTTTAGAGTTGGAGTTTGACTGGTTCAGCAGTGTGGTAAAGTTTCCAGAT

ATGTCAGTGATTGAAGAGCATGCCAATTGGTCTGTATCCCGTGAAGCAGGATTTAGTTATTCCCATGCAGGACTGAGTAACAGACTAGCT

AGAGACAATGAATTAAGAGAAAATGATAAAGAACAGCTCCGAGCAATTTGTACACGAGATCCTCTATCTGAAATCACTGAGCAAGAGAAA

GATTTTCTGTGGAGCCACAGACACTATTGTGTAACTATCCCCGAAATTCTACCCAAATTGCTTCTGTCTGTTAAATGGAACTCTAGAGAT

GAAGTAGCTCAGATGTACTGCTTGGTAAAAGATTGGCCTCCAATCAAGCCTGAACAGGCTATGGAGCTTCTGGACTGCAATTACCCAGAT

CCTATGGTTCGAGGTTTTGCTGTTCGGTGCTTAGAAAAATATTTAACAGATGACAAACTTTCTCAGTACCTAATTCAGCTAGTACAGGTA

CTAAAATATGAACAGTATTTGGATAACCTGCTTGTGAGATTTTTACTCAAAAAAGCGTTAACTAATCAAAGGATCGGTCACTTTTTCTTT

TGGCATTTAAAATCTGAGATGCACAATAAAACAGTTAGTCAGAGGTTTGGCCTGCTTTTGGAGTCCTATTGCCGTGCATGTGGGATGTAT

CTGAAGCACCTTAATAGGCAAGTTGAGGCTATGGAAAAGCTCATTAACTTGACTGACATTCTCAAACAAGAGAAGAAGGATGAAACACAA

AAGGTACAGATGAAGTTTTTAGTTGAGCAAATGCGGCGACCAGATTTCATGGATGCTCTCCAGGGCTTTCTGTCTCCTCTAAACCCTGCT

CATCAGCTGGGAAATCTCAGGCTTGAAGAGTGTCGAATTATGTCTTCTGCAAAAAGGCCACTGTGGTTGAATTGGGAGAACCCAGACATC

ATGTCAGAATTACTCTTTCAGAACAATGAGATCATCTTTAAAAATGGGGATGATTTATGGCAAGATATGCTAACCCTTCAGATTATTCGC

ATTATGGAAAATATCTGGCAAAATCAAGGTCTTGATCTTCGAATGTTACCTTATGGATGTCTGTCAATCGGTGACTGTGTGGGACTTATC

GAGGTGGTGAGAAATTCTCACACTATAATGCAGATTCAGTGTAAAGGAGGCCTGAAAGGTGCACTGCAGTTTAACAGCCACACACTCCAT

CAGTGGCTCAAAGACAAGAACAAGGGGGAAATATATGATGCGGCCATCGATTTGTTTACACGATCATGTGCTGGATATTGTGTTGCCACC

TTCATTTTGGGAATTGGAGATCGTCACAATAGTAATATCATGGTTAAAGATGATGGACAACTGTTTCATATAGATTTTGGACACTTTTTG

GATCACAAGAAGAAAAAATTTGGTTATAAACGAGAGCGCGTGCCGTTTGTTTTGACACAAGATTTCTTAATAGTGATTAGTAAAGGAGCC

CAAGAATGCACAAAGACAAGAGAATTTGAGAGGTTTCAGGAGATGTGTTACAAGGCTTATCTAGCTATTCGGCAGCATGCCAATCTCTTC

ATAAATCTTTTCTCAATGATGCTTGGCCCTGGAATGCCAGAACTGCAATCTTTTGATGATATTGCATACATTCGAAAGACCCTAGCTTTA

GATAAAACTGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACACCATGGTGGCTGGACAACAAAAATGGATTGGATC

TTCCACACAATTAAACAGCATGCATTGAACCCCGGGGGAGAGCAGAAGCTGATTTCCGAGGAGGACCTGAACTGA 
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Supplementary figure 1. DNA sequences and maps of plasmid AAV6 (pAAV6)-CMV-MCS-SpA and pAAV6-

CMV-caPI3K-SpA.  A) Purple highlighting: SacI and NaeI restriction sites, grey highlighting: 3’ end of CMV 

promoter, yellow highlighting: MCS (BamHI restriction sites in red text), green highlighting: SpA, blue 

highlighting: PstI restriction site, red highlighting: buffer nucleotides. C) DNA sequence of iSH2p110. D) 

Plasmid map of pAAV6-CMV-iSH2p110-SpA. AMPr: ampicillin resistance gene, CMV: cytomegalovirus 

promoter, ITR: inverted terminal repeat, SpA: synthetic polyadenylation signal. 
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Generation of pAAV6-cTnT-MCS-SpA from pAAV6-CMV-MCS-SpA 

 

TACGTAAGCGCTgcggccgcctcgagtctgctcccagctggccctcccaggcctgggttgctggc

ctctgctttatcaggattctcaagagggacagctggtttatgttgcatgactgttccctgcatat

ctgctctggttttaaatagcttatctgctagcctgctcccagctggccctcccaggcctgggttg

ctggcctctgctttatcaggattctcaagagggacagctggtttatgttgcatgactgttccctg

catatctgctctggttttaaatagcttatctg 

attcctccctggctcaccaggccccagcccacatgcctgcttaaagccctctccatcctctgcct

cacccagtccccgctgagactgagcagacgcctccaggatctgtcggcagctaattaatAGGATC

CCCGCGGGCGGCCGCAAGCTTGGTACCGATATCCTCGAGACTAGTGGATCCCAATAAAAGATCTT

TATTTTCATTAGATCTGTGTGTTGGTTTTTTGTGTGACTGCAGATACGTA 

 

  

Supplementary figure 2. Generation of pAAV6-cTnT-MCS-SpA from pAAV6-CMV-caPI3K-SpA. A) 

The DNA sequence containing a new promoter (cTnT477) inserted between a Afe1 (green) restriction site 

and the first BamHI  restriction site (GGATCC) of pAAV6-MCS-SpA (B) to form pAAV6-cTnT-MCS-

SpA. A) Purple highlighting: SnaBI restriction sites, grey highlighting: 3’ end of cTnT promoter, red 

highlighting: MCS site designed previously for pAAV6-CMV-MCS-SpA,  yellow highlighting: Two 

BamHI restriction sites (GGATCC) flanking the MCS site and a PstI restriction site (CTGCAG), green 

highlighting: Afe1 unique restriction site,  blue highlighting: Synthetic poly A tail (SpA) sequence, dark 

green highlighting: buffer nucleotides, B) The restriction sites flanking the promoter and MCS site are 

shown. A PstI site was inserted between the SpA and the 3’ ITR of pAAV6-CMV-MCS-SpA for easy 

removal of the SpA if required. ITR: inverted terminal repeat, AMPr: ampicillin resistance gene, SpA: 

synthetic polyadenylation sequence, MCS: Multiple cloning site. 
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Generation of AAV6-cTnT-iSH2p110-SpA 

iSH2p110 (caPI3K) was cloned into pAAV6-cTnT-MCS-SpA by GenScript. The 

construct was received from GenScript in a pUC57 vector.  pUC57 was transformed into 

E. coli competent cells to amplify the plasmid. The iSH2p110 fragment was excised out 

of pUC57 vector by restriction enzyme digests, HindIII then separated and purified. The 

DNA was ligated into the pAAV6-cTnT-MCS-SpA vector (Figure S2).  

A 

 

ATGGCTCAGTATAATCCCAAATTGGATGTGAAATTACTTTATCCAGTATCCAAATACCAACAGGATCAAGTTGTCAAAGAAGATAATATT

GAAGCTGTAGGGAAAAAATTACATGAATATAACACTCAGTTTCAAGAAAAAAGTCGAGAATATGATAGATTATATGAAGAATATACCCGC

ACATCCCAGGAAATCCAAATGAAAAGGACAGCTATTGAAGCATTTAATGAAACCATAAAAATATTTGAAGAACAGTGCCAGACCCAAGAG

CGGTACAGCAAAGAATACATAGAAAAGTTTAAACGTGAAGGCAATGAGAAAGAAATACAAAGGATTATGCATAATTATGATAAGTTGAAG

TCTCGAATCAGTGAAATTATTGACAGTAGAAGAAGATTGGAAGAAGACTTGAAGAAGCAGGCAGCTGAGTATCGAGAAATTGACAAACGT

ATGAACAGCATTAAACCAGACCTTATCCAGCTGAGAAAGACGAGAGACCAATACTTGATGTGGTTGACTCAAAAAGGTGTTCGGCAAAAG

AAGTTGAACGAGTGGTTGGGCAATGAAAACACTGAAGACCAATATTCACTGGTGGAAGATGATGAAGATTTGCCCCATCATGATGAGAAG

ACATGGAATGTTGGAAGCAGCAACCGAAACAAAGCTGAAAACCTGTTGCGAGGGAAGCGAGATGGCACTTTTCTTGTCCGGGAGAGCAGT

AAACAGGGCTGCTATGCCTGCTCTGTAGTGGTGCCCGGGATTTCCGGTGGTGGTGGTGGTGTCGACATGCCTCCAAGACCATCATCAGGT

GAACTGTGGGGCATCCACTTGATGCCCCCAAGAATCCTAGTAGAATGTTTACTACCAAATGGGATGATAGTGACTTTAGAATGCCTCCGT

GAGGCTACGTTAATAACGATAAAGCATGAACTATTTAAAGAAGCAAGAAAATACCCTCTCCATCAACTTCTTCAAGATGAATCTTCTTAC

ATTTTCGTAAGTGTTACCCAAGAAGCAGAAAGGGAAGAATTTTTTGATGAAACAAGACGACTTTGTGACCTTCGGCTTTTTCAACCCTTT

TTAAAAGTAATTGAACCAGTAGGCAACCGTGAAGAAAAGATCCTCAATCGAGAAATTGGTTTTGCTATCGGCATGCCAGTGTGTGAATTC

GATATGGTTAAAGATCCAGAAGTACAGGACTTCCGAAGAAATATTCTCAATGTTTGTAAAGAAGCTGTGGATCTTAGGGATCTTAATTCA

CCTCATAGTAGAGCAATGTATGTTTATCCTCCAAATGTAGAATCTTCACCAGAACTGCCAAAGCACATATATAATAAATTGGATAAAGGG

CAAATAATAGTGGTGATTTGGGTAATAGTTTCTCCAAATAATGACAAACAGAAGTATACTCTGAAAATCAACCATGACTGTGTGCCAGAA

CAAGTAATTGCTGAAGCAATCAGGAAAAAAACTCGAAGTATGTTGCTATCATCTGAACAACTAAAACTCTGTGTTTTAGAATATCAGGGC

AAGTATATTTTAAAAGTGTGTGGATGTGATGAATACTTCCTAGAAAAATATCCTCTGAGTCAGTATAAGTATATAAGAAGCTGTATAATG

CTTGGGAGGATGCCCAATTTGATGCTGATGGCTAAAGAAAGCCTCTATTCTCAACTGCCAATGGACTGTTTTACAATGCCATCATATTCC

AGACGCATCTCCACAGCTACGCCATATATGAATGGAGAAACATCTACAAAATCCCTTTGGGTTATAAATAGTGCACTCAGAATAAAAATT

CTTTGTGCAACCTATGTGAATGTAAATATTCGAGACATTGACAAGATTTATGTTCGAACAGGTATCTACCATGGAGGAGAACCCTTATGT

GATAATGTGAACACTCAAAGAGTACCTTGTTCCAATCCCAGGTGGAATGAATGGCTGAATTACGATATATACATTCCTGATCTTCCTCGT

GCTGCTCGACTTTGCCTTTCCATTTGTTCTGTTAAAGGCCGAAAGGGTGCTAAAGAGGAACACTGTCCATTGGCCTGGGGAAATATAAAC

TTGTTTGATTACACAGATACTCTAGTATCTGGAAAAATGGCTTTGAATCTTTGGCCAGTACCTCATGGACTAGAAGATTTGCTGAACCCT

ATTGGTGTTACTGGATCAAATCCAAATAAAGAAACTCCATGTTTAGAGTTGGAGTTTGACTGGTTCAGCAGTGTGGTAAAGTTTCCAGAT

ATGTCAGTGATTGAAGAGCATGCCAATTGGTCTGTATCCCGTGAAGCAGGATTTAGTTATTCCCATGCAGGACTGAGTAACAGACTAGCT

AGAGACAATGAATTAAGAGAAAATGATAAAGAACAGCTCCGAGCAATTTGTACACGAGATCCTCTATCTGAAATCACTGAGCAAGAGAAA

GATTTTCTGTGGAGCCACAGACACTATTGTGTAACTATCCCCGAAATTCTACCCAAATTGCTTCTGTCTGTTAAATGGAACTCTAGAGAT

GAAGTAGCTCAGATGTACTGCTTGGTAAAAGATTGGCCTCCAATCAAGCCTGAACAGGCTATGGAGCTTCTGGACTGCAATTACCCAGAT

CCTATGGTTCGAGGTTTTGCTGTTCGGTGCTTAGAAAAATATTTAACAGATGACAAACTTTCTCAGTACCTAATTCAGCTAGTACAGGTA

CTAAAATATGAACAGTATTTGGATAACCTGCTTGTGAGATTTTTACTCAAAAAAGCGTTAACTAATCAAAGGATCGGTCACTTTTTCTTT

TGGCATTTAAAATCTGAGATGCACAATAAAACAGTTAGTCAGAGGTTTGGCCTGCTTTTGGAGTCCTATTGCCGTGCATGTGGGATGTAT

CTGAAGCACCTTAATAGGCAAGTTGAGGCTATGGAAAAGCTCATTAACTTGACTGACATTCTCAAACAAGAGAAGAAGGATGAAACACAA

AAGGTACAGATGAAGTTTTTAGTTGAGCAAATGCGGCGACCAGATTTCATGGATGCTCTCCAGGGCTTTCTGTCTCCTCTAAACCCTGCT

CATCAGCTGGGAAATCTCAGGCTTGAAGAGTGTCGAATTATGTCTTCTGCAAAAAGGCCACTGTGGTTGAATTGGGAGAACCCAGACATC

ATGTCAGAATTACTCTTTCAGAACAATGAGATCATCTTTAAAAATGGGGATGATTTATGGCAAGATATGCTAACCCTTCAGATTATTCGC

ATTATGGAAAATATCTGGCAAAATCAAGGTCTTGATCTTCGAATGTTACCTTATGGATGTCTGTCAATCGGTGACTGTGTGGGACTTATC

GAGGTGGTGAGAAATTCTCACACTATAATGCAGATTCAGTGTAAAGGAGGCCTGAAAGGTGCACTGCAGTTTAACAGCCACACACTCCAT

CAGTGGCTCAAAGACAAGAACAAGGGGGAAATATATGATGCGGCCATCGATTTGTTTACACGATCATGTGCTGGATATTGTGTTGCCACC

TTCATTTTGGGAATTGGAGATCGTCACAATAGTAATATCATGGTTAAAGATGATGGACAACTGTTTCATATAGATTTTGGACACTTTTTG

GATCACAAGAAGAAAAAATTTGGTTATAAACGAGAGCGCGTGCCGTTTGTTTTGACACAAGATTTCTTAATAGTGATTAGTAAAGGAGCC

CAAGAATGCACAAAGACAAGAGAATTTGAGAGGTTTCAGGAGATGTGTTACAAGGCTTATCTAGCTATTCGGCAGCATGCCAATCTCTTC

ATAAATCTTTTCTCAATGATGCTTGGCCCTGGAATGCCAGAACTGCAATCTTTTGATGATATTGCATACATTCGAAAGACCCTAGCTTTA

GATAAAACTGAGCAAGAGGCTTTGGAGTATTTCATGAAACAAATGAATGATGCACACCATGGTGGCTGGACAACAAAAATGGATTGGATC

TTCCACACAATTAAACAGCATGCATTGAACCCCGGGGGAGAGCAGAAGCTGATTTCCGAGGAGGACCTGAACTGA 
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Supplementary figure 3: DNA sequence and plasmid map of pAAV6-cTnT-iSH2p110-SpA.  A) 

DNA sequence of iSH2p110. B) Plasmid map of pAAV6-cTnT-iSH2p110-SpA. AMPr: ampicillin 

resistance gene, cTnT-477: cardiac troponin T promoter, ITR: inverted terminal repeat, SpA: synthetic 

polyadenylation sequence. 
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Generation of AAV6-cTnT-iSH2-HA-SpA & AAV6-CMV-iSH2-HA-SpA from AAV-cTnT-

MCS-SpA & AAV-CMV-MCS-SpA 

iSH2I-HA (iSH2) construct described in (Klippel et al. (1993) Mol Cell Biol 13(9): 5560-

5566) was cloned into both pAAV6-CMV-MCS-SpA and pAAV6-cTnT-MCS-SpA.  

Klippel et al. generated their constructs from mouse p85α cDNA. They made two iSH2 

constructs: iSH2I and iSH2II. iSH2II was slightly longer than iSH2I. Association of 

iSH2I or iSH2II with p110α induced a comparable increase in PI3K activity (same as full 

length p85). Klippel et al. used the iSH2I construct for their subsequent experiments and 

included a PGG hinge and a HA-tag (iSH2 domain spans amino acids 434-599 of mouse 

p85α). Mouse iSH2 with a PGG hinge and a HA-tag sequence at the C-terminus was 

cloned into pAAV6-CMV-MCS-SpA & pAAV6-cTnT-MCS-SpA using HindIII and SpeI 

restriction sites. Chemocompetent cells were transformed with DNA from the ligation 

reactions and colonies screened for plasmids containing the inserted DNA construct by 

digesting with enzymes.   

A 

AAGCTTGCCACCATGGCTCAGTACAACCCCAAGCTGGATGTGAAGTTGCTCTACCCAGTGTCCAAATACCAG

CAGGATCAAGTTGTCAAAGAAGATAATATTGAAGCTGTAGGGAAAAAATTACATGAATATAATACTCAATTT

CAAGAAAAAAGTCGGGAATATGATAGATTATATGAGGAGTACACCCGTACTTCCCAGGAAATCCAAATGAAA

AGAACGGCTATCGAAGCATTTAATGAAACCATAAAAATATTTGAAGAACAATGCCAAACCCAGGAGCGGTAC

AGCAAAGAATACATAGAGAAGTTTAAACGCGAAGGCAACGAGAAAGAAATTCAAAGGATTATGCATAACCAT

GATAAGCTGAAGTCGCGTATCAGTGAGATCATTGACAGTAGGAGGAGGTTGGAAGAAGACTTGAAGAAGCAG

GCAGCTGAGTACCGAGAGATCGACAAACGCATGAACAGTATTAAGCCGGACCTCATCCAGTTGAGAAAGACA

AGAGACCAATACTTGATGTGGCTGACGCAGAAAGGTGTGCGGCAGAAGAAGCTGAACGAGTGGCTGGGGAAT

GAAAATACCGAAGATCAATACTCCCTGGTAGAAGATGATGAGGATTTGCCCCACCATGACGAGAAGACGTGG

AATGTCGGGAGCAGCAACCGAAACAAAGCGGAGAACCTATTGCGAGGGAAGCGAGACGGCACTTTCCTTGTC

CGGGAGAGCAGTAAGCAGGGCTGCTATGCCTGCTCCGTAGTGGTACCCGGGGGAAGCTATCCTTATGACGTG

CCTGACTATGCCAGCCTGGGAGGACCTTCCTGAACTAGT 

B 
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Supplementary figure 4. iSH2 DNA sequence and plasmid map of pAAV6-CMV-iSH2-SpA and 

pAAV6-cTnT-iSH2-SpA. A) The DNA sequence of iSH2 (grey) with a Kozak sequence (yellow), a 

PGG hinge (red) and HA-tag (blue) to be inserted into pAAV6-MCS-SpA plasmids. The sequence was 

flanked by HindIII (magenta) and SpeI (green) restriction sites for cloning into pAAV6-MCS-SpA 

plasmids to form (B) pAAV6-cTnT-iSH2-HA-SpA and (C) pAAV6-CMV-iSH2-HA-SpA. AMPr: 

ampicillin resistance gene, cTnT-477: cardiac troponin T promoter, ITR: inverted terminal repeat, 

SpA: synthetic polyadenylation sequence, iSH2: iSH2 sequence, CMV: Cytomeglovirus promoter. 
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Generation of AAV6-cTnT-IVS2-iSH2-HA-SpA & AAV6-CMV-IVS2-iSH2-HA-SpA from 

AAV-cTnT-MCS-SpA & AAV-CMV-MCS-SpA 

AAV6-cTnT-IVS2-iSH2-HA-SpA and AAV6-CMV-IVS2-iSH2-HA-SpA are identical to 

the constructs described in section 4.0 except for the addition of an IVS2. 

A 

AAGCTTgtgagtttggggacccttgattgttctttctttttcgctattgtaaaattcatgttatatggaggg

ggcaaagttttcagggtgttgtttagaatgggaagatgtcccttgtatcaccatggaccctcatgataattt

tgtttctttcactttctactctgttgacaaccattgtctcctcttattttcttttcattttctgtaactttt

tcgttaaactttagcttgcatttgtaacgaatttttaaattcacttttgtttatttgtcagattgtaagtac

tttctctaatcacttttttttcaaggcaatcagggtatattatattgtacttcagcacagttttagagaaca

attgttataattaaatgataaggtagaatatttctgcatataaattctggctggcgtggaaatattcttatt

ggtagaaacaactacatcctggtcatcatcctgcctttctctttatggttacaatgatatacactgtttgag

atgaggataaaatactctgagtccaaaccgggcccctctgctaaccatgttcatgccttcttctttttccta

cagGCCACCATGGCTCAGTACAACCCCAAGCTGGATGTGAAGTTGCTCTACCCAGTGTCCAAATACCAGCAG

GATCAAGTTGTCAAAGAAGATAATATTGAAGCTGTAGGGAAAAAATTACATGAATATAATACTCAATTTCAA

GAAAAAAGTCGGGAATATGATAGATTATATGAGGAGTACACCCGTACTTCCCAGGAAATCCAAATGAAAAGA

ACGGCTATCGAAGCATTTAATGAAACCATAAAAATATTTGAAGAACAATGCCAAACCCAGGAGCGGTACAGC

AAAGAATACATAGAGAAGTTTAAACGCGAAGGCAACGAGAAAGAAATTCAAAGGATTATGCATAACCATGAT

AAGCTGAAGTCGCGTATCAGTGAGATCATTGACAGTAGGAGGAGGTTGGAAGAAGACTTGAAGAAGCAGGCA

GCTGAGTACCGAGAGATCGACAAACGCATGAACAGTATTAAGCCGGACCTCATCCAGTTGAGAAAGACAAGA

GACCAATACTTGATGTGGCTGACGCAGAAAGGTGTGCGGCAGAAGAAGCTGAACGAGTGGCTGGGGAATGAA

AATACCGAAGATCAATACTCCCTGGTAGAAGATGATGAGGATTTGCCCCACCATGACGAGAAGACGTGGAAT

GTCGGGAGCAGCAACCGAAACAAAGCGGAGAACCTATTGCGAGGGAAGCGAGACGGCACTTTCCTTGTCCGG

GAGAGCAGTAAGCAGGGCTGCTATGCCTGCTCCGTAGTGGTACCCGGGGGAAGCTATCCTTATGACGTGCCT

GACTATGCCAGCCTGGGAGGACCTTCCTGAACTAGT 

 

B 
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Supplementary figure 5. IVS2-iSH2 DNA sequence and plasmid map of pAAV6-CMV-IVS2-iSH2-

SpA and pAAV6-cTnT-IVS2-iSH2-SpA. A) The DNA sequence of IVS2 (teal),  iSH2 (grey) with a 

Kozak sequence (yellow), a PGG hinge (red) and HA-tag (blue) to be inserted into pAAV6-MCS-SpA 

plasmids. The sequence was flanked by HindIII (magenta) and SpeI (green) restriction sites for 

cloning into pAAV6-MCS-SpA plasmids to form (B) pAAV6-cTnT-iSH2-HA-SpA and (C) pAAV6-

CMV-iSH2-HA-SpA. AMPr: ampicillin resistance gene, cTnT-477: cardiac troponin T promoter, ITR: 

inverted terminal repeat, SpA: synthetic polyadenylation sequence, iSH2: iSH2 sequence, CMV: 

Cytomeglovirus promoter.
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Western blotting raw blots 

Supplementary figure 6 
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Supplementary figure 7 
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Supplementary figure 8 
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Supplementary figure 9 
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Supplementary figure 10 
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Supplementary figure 11 
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Supplementary figure 12 
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PI3K Activity assay raw blots 

Supplementary figure 13 
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Supplementary figure 14 
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Supplementary figure 15 
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Supplementary figure 16 
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Chapter 5. Preface 
 

Clusterin is regulated by IGF1–PI3K signaling in the heart: implications for biomarker 

and drug target discovery, and cardiotoxicity identifies a role of PI3K signalling to 

regulate clusterin expression. Given some cancer treatments aim to silence clusterin, this 

manuscript heeds warning of the potential cardiotoxic repercussion of cancer treatments 

that suppress the expression of genes aligned with the IGF1-PI3K signalling pathway and 

demonstrates the potential for large profiling data sets to identify if drug targets may have 

cardiotoxic side effects. 
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6.1 Summary of key findings 

Heart failure (HF) is the final clinical presentation of a variety of cardiovascular diseases 

and is a leading cause of morbidity and mortality1. Limited treatment options are 

available and current therapeutic interventions largely aim to delay progression and 

manage symptoms. As such, an urgent need for the development of novel therapeutics to 

improve outcomes in patients with HF is apparent.  

PI3K is a key component of the IGF1-PI3K signalling pathway and has been 

demonstrated to be a master regulator of exercise-induced physiological cardiac 

hypertrophy2, and its elevation protective in settings of cardiac disease3, 4. Aerobic 

exercise is one of the few interventions that is both safe and effective in improving 

outcomes following a diagnosis of stable HF5-7, but the physically debilitating nature of 

HF in addition to a lack of patient adherence can limit the capacity for exercise to be used 

as a form of treatment. Therapeutic strategies that aim to recapitulate the benefits of 

exercise on the heart through activation of PI3K are therefore of significant interest. In 

recent years, gene therapy has gained attention as a promising therapeutic avenue for HF 

treatment, with numerous studies reporting positive effects on cardiac function in animal 

models8. Given the aforementioned prospects of enhancing PI3K as a therapeutic 

intervention, a gene therapy aimed at increasing PI3K activity offers a promising 

approach for improving outcomes in patients with HF.  

This thesis took steps in paving a translational bridge between basic research and 

therapeutic development by exploring the prospect of a PI3K-based therapy for the 

treatment of HF. Key studies and findings from each chapter are presented in Figure 6.1 

and include:  

1) improving current knowledge and understanding of the role of the PI3K signalling 

pathway in the heart by generating new PI3K transgenic models to study the 

safety profile of substantial inhibition and activation of PI3K (Chapter 2); 

2) developing innovative techniques and tools with the potential to contribute to 

advances in the field of AAV gene therapy (Chapters 3 and 4);  

3) trialling AAV-mediated PI3K gene therapies in healthy and HF animal models 

(Chapter 4); and 

4) identifying PI3K-regulated targets which may lead to cardiotoxicity in the clinic if 

they are inhibited (Chapter 5). 
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Figure 6.1 A schematic diagram summarising the core components and key findings of this thesis, and 

outlining how each chapter interconnects. A pipeline demonstrating the generation of basic research to 

preclinical/clinical outcomes within this thesis is presented. 

  

6.2 Advancing knowledge of the PI3K signalling pathway and its protective role in 

the heart. 

Chapter 2 comprised an in-depth interrogation of how changes in cardiac PI3K activity 

can alter cardiac physiology. Given how the dosage or degree of activation of any 

signalling pathway can significantly affect the phenotype, a comprehensive investigation 

is warranted in the development of any agent that acts to enhance or disrupt endogenous 

molecular signalling. This is particularly relevant in the context of targeting pathways to 

mimic the protective effects of exercise given the J-shaped relationship between exercise 

volume and intensity with cardiac risk. While it is well recognised that regular aerobic 

exercise reduces cardiac risk9, cardiac abnormalities and arrhythmias are observed in a 

subset of elite athletes undertaking extreme/endurance exercise training10, 11. Since PI3K 

is a critical regulator of exercise-induced hypertrophy, it is important to investigate if 

cardiac abnormalities in athletes are potentially attributed to enhanced PI3K activity. In a 

similar vein, investigating the impact of substantially reduced PI3K activity on normal 

cardiac function is also important in the context of numerous cancer therapies designed to 

inhibit PI3K signalling and tumour growth. This chapter investigated firstly if a dose-

dependent relationship exists between increased PI3K activity and adaptive physiological 

hypertrophy. Secondly, whether increases in PI3K activity in mice leads to cardiac 
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pathology and arrhythmia, as seen in some athletes undertaking extreme endurance 

exercise, and thirdly if reduced PI3K in transgenic mice is associated with cardiac 

pathology, dysfunction, arrhythmia or atrial thrombi.  

Transgenic mice with varying degrees of cardiac PI3K activity were generated to assess 

these parameters (caPI3K & dnPI3K, heterozygote Tg(+/-) and homozygote Tg(+/+)). 

Given the known physiological differences between male and females, both sexes were 

evaluated independently. Increasing PI3K activity was associated with increasing heart 

weight in a dose-dependent manner in the absence of cardiac dysfunction, arrhythmia, 

fibrosis or atrial pathology. In contrast, reduced PI3K in homozygote dnPI3K Tg(+/+) 

was associated with clear evidence of cardiac dysfunction and fibrosis, as well as atrial 

enlargement and thrombi in a subset of mice. 

Unexpectedly, the increase in heart weight and PI3K activity in caPI3K Tg(+/+) mice 

compared to caPI3K Tg (+/-) mice did not correspond to an increase in the 

phosphorylation of Akt in the heart. This observation and additional findings indicated 

that a component of PI3K-induced cardiac hypertrophy occurs independent of Akt 

phosphorylation, a finding not previously described in the Akt literature. Expression of 

calsequestrin-1 was found to be increased and decreased in a dose-dependent manner in 

the caPI3K and dnPI3K models, respectively, and represents a potential new mediator of 

PI3K-induced hypertrophy. 

Chapter 2 also demonstrated that reduced PI3K leads to cardiac dysfunction and atrial 

pathology. This finding led to the hypothesis that extreme endurance exercise may be 

associated with defective PI3K signalling rather than increased PI3K signalling. This was 

assessed by mining data from a mouse model of extreme exercise training12, and 

assessing lipid profiles of plasma samples from veteran athletes with and without AF. In 

endurance-trained mice there was evidence of dysregulation of the PI3K pathway, and in 

athletes with AF we identified dysregulation of PIP1, LPI and GM3 lipids (regulators 

within the PI3K signalling network). These lipids could be explored as markers to screen 

athletes who may be at risk of developing AF. There is also evidence to suggest that 

decreased PI3K could contribute to the association between physical inactivity and 

increased cardiovascular risk. Increased PI3K was able to restore abnormalities in the 

hearts of rats with low exercise capacity13.   

Overall, these findings demonstrate the existence of a dose-dependent relationship 

between physiological hypertrophy and PI3K activity, with no evidence that elevated 

PI3K directly contributes to cardiac dysfunction and pathology. These findings strengthen 
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the rationale for pursuing a PI3K-based therapy for the treatment of HF as they 

demonstrate that such an approach is unlikely to have undesirable or adverse 

consequences to the heart. 

 

6.3 Translation of fundamental PI3K cardiac research into therapeutic design and 

development 

Having established the safety and efficacy of enhanced cardiac PI3K activity in mice, the 

preliminary ambition of this component of the thesis was to optimise a PI3K-based 

therapy to be trialled in healthy and cardiac disease mouse models of mice, and 

subsequently sheep. A previous study in my laboratory had administered the full-length 

caPI3K transgene to mice with established cardiac dysfunction due to chronic pressure 

overload induced by aortic banding4. They employed an AAV6 vector to administer 

caPI3K, and observed improved cardiac function in the mice 10 weeks post-AAV 

administration. Although this was a successful outcome, modifications to the initial AAV 

gene therapy construct were considered necessary to improve the clinical viability of the 

therapy. Furthermore translating from small to large animals is a crucial stepping-stone 

between the laboratory and the clinic given the physiological resemblance shared between 

large mammals and humans14. As such, initial plans involved trialling PI3K-based AAV 

constructs in healthy and heart disease models of sheep. Due to Melbourne, Australia 

recording the world’s longest lockdown due to the COVID-19 pandemic, facilities 

available for large animal testing were unavailable for the last two years of my doctoral 

studies, and the majority of sheep studies were unable to proceed. Despite this, some 

initial sheep studies (prior to the pandemic), and a neutralising antibody method relevant 

to future sheep studies are presented.  

A primary consideration that needs to be addressed when trialling AAV gene therapies on 

large animals or humans is the presence of neutralising antibodies (NAbs) against AAV. 

Multiple reports have found that a range of large animals and humans can harbour 

neutralising antibodies against many AAV serotypes15, 16. This is problematic in a 

research setting because NAbs against AAV will prevent or severely diminish tissue 

transduction. Not only could this confound the results, but also both AAV generation and 

large animal/clinical trials come with substantial price tags, and therefore the potential 

loss of time, AAV and animals/housing due to NAbs is crucial to address. Chapter 1 

part 2 discusses the various methods in development to circumvent the challenges of 

NAbs, however performing preliminary screening of animals and patients for NAbs is 
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currently the most effective approach. Chapter 3 addresses this through the development 

of an assay and comprehensive protocol for the detection of NAbs against AAV6. The 

described assay evaluates the degree of AAV6 neutralisation in a given volume of serum 

through a colorimetric reaction that reflects the degree of in vitro viral transduction. The 

assay is based on the chromogenic reaction between the enzyme alkaline phosphatase and 

NBT/BCIP. The general premise of the assay was to determine the degree of NAbs in a 

given animal by incubating a sample of serum in serial dilutions with a recombinant AAV 

that expresses an alkaline phosphatase reporter gene. Cells are infected with the 

serum/virus mixture and following addition of the NBT/BCIP substrate, the degree in 

which the expression of the reporter gene is inhibited reflects the amount of neutralising 

elements in a sample. NAb assays commonly employ light based reporter genes such as 

GFP or luciferase, however the development of this colorimetric assay proved to be 

advantageous due to it being cost effective, time efficient, and easy to set up without the 

need for specialised technical skills or equipment. Following development of this assay 

we were able to validate its efficacy using a monoclonal antibody against AAV6. The 

assay proved to be a valuable tool in the sheep studies described in Chapter 4 and was 

further validated through comparison of the assay titers in sheep before and after 

receiving a direct cardiac injection of AAV. 

The primary objective of Chapter 4 was developing clinically viable therapeutic tools 

that could replicate some of the benefits of exercise by targeting and enhancing the PI3K 

signalling pathway. Novel constructs were developed with the intention of building upon 

and optimising aforementioned vector (AAV6-CMV-caPI3K) that showed promising 

results4. Key factors that were addressed included reducing costs of drug development by 

reducing the PI3K construct size (leading to significant improvements in AAV yield); 

improving cardiac specificity by employing a cardiac specific cTnT promoter; and 

improving transgene expression by adding an IVS2 enhancer element. An optimised PI3K 

construct was evaluated in healthy mice, an I/R injury HF mouse model, and preliminary 

assessment of the efficacy of PI3K constructs was trialled in healthy sheep to evaluate the 

translational potential. Use of the cTnT promoter provided cardiac specific expression 

following administration of AAV6 and we report preliminary data that IVS2 can enhance 

cardiac expression of AAV6 delivered constructs. 

Due to the size of the caPI3K gene approaching the packaging capacity limit of AAV, 

production of this vector has proven to be inefficient and low yielding. However a 

substantially smaller PI3K(p85) fragment, iSH2, has previously been demonstrated to be 
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capable of binding to the p110α catalytic subunit of PI3K and generating PI3K activity in 

cultured cells17. iSH2 was able to activate PI3K signalling in vivo in the rodent and ovine 

heart. This demonstrated that fragments of larger genes can still serve functional 

purposes, and in this study drastically improved the efficiency of AAV6 vector 

production and reduced the corresponding cost compared to an AAV6 containing a full 

length caPI3K transgene. Additionally, the AAV6 containing the full-length caPI3K 

transgene was unable to transduce the sheep heart, whereas administration of AAV6 

containing iSH2 consistently provided a high degree of cardiac expression. Furthermore, 

the addition of IVS2 led to increased cardiac expression of AAV6-cTnT-iSH2 in an ovine 

model. Introducing AAV-mediated PI3K expression and activity into the hearts of large 

animals using iSH2 demonstrates its translational potential given the physiological 

similarities of the sheep and human heart8, 18.  

In contrast to previous reports using the AAV6-CMV-caPI3K construct, administering an 

AAV6 containing iSH2 did not induce physiological cardiac hypertrophy in healthy 

mice.4 However, we did observe iSH2-generated PI3K activity and a trend towards an 

increase in the phosphorylation of Akt (p=0.08), a downstream target of PI3K. Since 

PI3K activity and phosphorylation of Akt are cardioprotective3, 4, 19, and our primary 

objective was to provide protection in a setting of cardiac injury, we proceeded to 

administer our AAV6-cTnT-IVS2-iSH2 construct to a larger cohort of mice with 

established cardiac damage due to a surgical myocardial ischemia/reperfusion (I/R) 

injury. Three months after I/R injury, phosphorylation of Akt was significantly increased 

in non-infarcted cardiac tissue from mice receiving AAV6 containing iSH2 compared to 

saline controls. Unexpectedly, this increase was not associated with improvements in 

cardiac function nor fibrosis. The lack of functional improvements in the I/R injury cohort 

may be attributed to several factors. The time of administration may have been too late 

for this type of cardiac injury. Given transduction of AAV has been demonstrated to peak 

3-weeks after administration20, the extent of cardiac damage from I/R may have been 

irreversible by the time PI3K was sufficiently activated. Administering the AAV at an 

earlier time point may therefore provide improved outcomes. The extent of Akt 

phosphorylation may have also been inadequate to significantly improve function. 

Although we observed a two-fold increase in phosphorylation of Akt following 

administration of AAV6-cTnT-IVS2-iSH2, the male caPI3K transgenic mouse models 

described in Chapter 2 both exhibited close to a four-fold increase in Akt 

phosphorylation compared to their non-transgenic counterparts. Additionally, we 

observed a modest increase in spleen and kidney weights in mice that received AAV6 
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(AAV6-Control and AAV6-cTnT-IVS2-iSH2) compared to saline within the I/R study. 

This could reflect a systemic inflammatory response, suggesting 2x1012 vg may have been 

too high a dose in a setting of I/R injury, and potentially confounded the results. Chapter 

4 demonstrated the efficacy of a cardiomyocyte specific promoter, an enhancer element 

and the potential for AAV6-mediated gene therapy using a truncated PI3K transgene to 

activate PI3K signalling and cardioprotective downstream targets in both mice and sheep. 

Further optimisations may facilitate improvements in functional parameters in a setting of 

cardiac disease. 

 

6.4 Detection of drug targets likely to cause cardiotoxicity using cardiac profiling 

data 

Chapter 5 of this thesis demonstrated the potential value of mining profiling datasets as a 

preliminary process for identifying potential biomarkers of disease, or determining if 

altering a molecular target is likely to have deleterious side effects when developing novel 

therapeutics. This concept is showcased by demonstrating that the IGF1R-PI3K signalling 

pathway regulates clusterin, a molecular target that has been inhibited in numerous trials 

as a therapeutic approach for treating cancer21, and has been suggested as a predictor of 

premature death in patients with HF22, 23. Gene microarray data sets from the hearts of 

dnPI3K Tg(+/-) and caPI3K Tg(+/-) mice described in Chapter 2 were mined and a 

ranking system generated based on the inverse cardiac expression between the two mouse 

models with increased or decreased PI3K activity. Clusterin was demonstrated to be the 

most differentially regulated target in the hearts between the models of increased and 

decreased PI3K activity, suggesting a relationship with PI3K signalling. Subsequent 

analysis demonstrated that expression of clusterin was elevated during normal mouse 

postnatal growth. Moreover, in vitro treatment of neonatal rat ventricular cardiomyocytes 

with IGF1 led to increased secretion of clusterin. Given the importance of PI3K signalling 

in cardiac function and physiological growth, these findings highlight the potential 

cardiotoxic implications that could arise from therapies that inhibit signalling pathways 

responsible for cardioprotection. The detrimental cardiac phenotype identified in the 

homozygote dnPI3K Tg(+/+) model in Chapter 2 also supports this conclusion.  
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6.5 Concluding remarks and future perspectives 

In summary, HF is a debilitating and chronic disease with limited treatment options 

currently available. The potential development of cardiomyocyte-specific therapies 

represents a novel and innovative approach for its treatment. PI3K regulates physiological 

cardiac hypertrophy and increased cardiac PI3K activity is protective in a setting of HF. 

Development and optimisation of PI3K based gene therapies offers a therapeutic avenue 

for the treatment of HF. The use of AAV vectors for the transfer of genetic material 

continues to demonstrate popularity, safety and relevance in a clinical setting. In 2010 

five AAV-based clinical trials were initiated and this has increased to 28 in 2019. The 

vast majority of the trials have targeted organ systems that can be accessed without 

surgical intervention, such as the CNS, eyes, liver or skeletal muscle24. The 

implementation of tissue specific promoters is facilitating the capability of targeting organ 

systems such as the heart that are otherwise very challenging to access. Numerous 

challenges still need to be addressed to improve AAV technology: establishing and 

standardising efficacious methods of administration to inaccessible organ systems, 

improving transduction efficiency of target organs, reducing manufacturing cost by 

improving production yields and lastly performing life-long follow up studies.  

In conclusion this research has 1) provided further knowledge and understanding of 

mechanistic properties of the IGF1-PI3K signalling pathway; 2) validated the safety and 

efficacy of PI3K as a therapeutic target; 3) highlighted the importance of PI3K signalling 

during drug and biomarker development; 4) led to the development of innovate AAV 

gene therapy techniques and tools which may facilitate further advances in the field of 

cardiac AAV gene therapy; and 5) trialled AAV-mediated PI3K gene therapies in healthy 

and HF animal models. The AAV-mediated truncated PI3K therapy did not lead to an 

improvement in cardiac function in a setting of myocardial ischemia/reperfusion injury 

but activation of PI3K and elevated phosphorylation of Akt was indicative of 

cardioprotective signalling, providing merit for additional evaluation. Future studies may 

benefit from using a lower dose of AAV, assessing a different model of cardiac injury, 

and administering the AAV at an earlier time point. Furthermore, considering cardiac 

function is governed by a multitude of signalling pathways, an approach that can 

simultaneously enhance PI3K signalling in addition to other protective pathways using a 

dual-therapy approach may confer greater functional improvements and demonstrate a 

promising approach for the treatment of heart failure. 
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