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Abstract 
 

 

Abstract 

Genome editing technology has reached a critical point where potentially curative 

treatments for a range of monogenic disorders are within reach. Monogenic adrenal 

disorders are underrepresented in gene therapy research, despite congenital adrenal 

hyperplasia (CAH) caused by 21 hydroxylase deficiency occurring in approximately 1 in 

15000 live births. Current management for CAH involves corticosteroid treatment at 

pituitary axis-suppressing doses. Fluctuation from under- to over-treatment is common 

and expected, and results in adverse outcomes including adrenal crisis, virilisation of 

female patients (hirsutism, clitoromegaly, disordered menstruation), precocious puberty, 

short stature, hypertension, cushingoid side effects and impacts on mental health.  

 

Adeno-associated virus (AAV) is one of the most promising gene therapy vectors 

available. A key advantage of this vector is the capsid serotype confers tissue tropism and 

recombinant vector genomes utilising the AAV2 inverted terminal repeats can be 

packaged into multiple different capsids, a process known as pseudoserotyping. This 

allows specific tissues to be targeted in a preferential manner. However, a limitation of 

this vector is that it persists predominantly as an episome, with low rates of integration, 

and is lost with cellular replication. Gene editing technology exploiting the CRISPR/Cas9 

system has the potential to overcome this limitation. However, the adrenal cortex entirely 

renews itself from a population of stem and progenitor cells in the periphery of the gland. 

Therefore, in order to develop a robust and durable gene therapy for monogenic 
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adrenocortical disorders, the stem/progenitor cells must be the target for any genome 

editing strategy.  

 

This thesis explored the possibility of using recombinant AAV (rAAV) technology to 

treat CAH. There were three distinct facets that were examined: rAAV-mediated delivery 

of adrenocortical enzymes to the liver for extra-adrenal expression, exploration of capsid 

tropism for direct targeting of specific populations of adrenocortical cells and specific 

editing of the Cyp21a1 locus in vivo. The first component was to explore a potential 

strategy to overcome the biological properties of the adrenal cortex that limit the use of 

gene addition therapy. The liver is a relatively stable organ in adults and rAAV is highly 

tropic for the liver. Ectopic adrenal enzyme expression in the liver successfully improved 

the phenotype in the mouse model, however, it did not completely normalise the steroid 

hormone profile. Therefore, adrenal cortex targeting gene therapy is warranted. Capsid 

tropism for the murine adrenal gland had not previously been studied and so this 

comprised the second component of this thesis. Multiple capsids were identified that 

provided more efficient gene delivery and expression to the murine adrenal cortex than 

the commonly used capsid in murine adrenal gene therapy studies, AAVRh10. The 

difficulty with targeting the adrenocortical progenitor cells is that this population has not 

been adequately described or reliably identified. In an attempt to overcome some of the 

obstacles associated with identifying adrenocortical progenitors, single-cell RNA 

sequencing technology was used to examine the cell populations that make up the murine 

adrenal cortex and to identify potential adrenocortical progenitor cells. In addition, the 

transcriptomes of the wild-type and 21-hydroxylase deficient adrenal glands were 

compared. Third and finally, a strategy was developed to edit the mutant murine Cyp21a1 

locus in vivo using homology-independent targeted integration. The editing strategy 
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developed   improved the biochemical phenotype and proved that the locus is amenable 

to editing. The reagents could be repackaged into an appropriate capsid targeting the 

adrenocortical progenitor population once that is determined.  

 

This thesis sets the foundation for overcoming the biological properties of the adrenal 

cortex that renders standard rAAV gene therapy for CAH unsuitable, through delivering 

adrenocortical genes to a stable organ outside the adrenal, developing strategies to 

determine capsid tropism for the adrenocortical cells and successfully editing the 

Cyp21a1 locus with biological effect.  
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1.1  Preface  
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Excerpts from this manuscript contributed to sections 1.5, 1.5.2, 1.5.2.1, 1.6.1, 1.6.1.1, 

1.6.1.2, 1.6.1.3, 1.6.2, Figure 1-1 and Table 1-4.   

 

Graves, LE, Horton, A, Alexander, IE, and Srinivasan, S, Gene therapy for paediatric 

homozygous familial hypercholesterolaemia, Heart, Lung and Circulation. 
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1.2  Introduction 

Gene therapy technology has reached a critical point where potential curative treatments 

for monogenic disorders are within reach. Congenital adrenal hyperplasia (CAH) is an 

autosomal recessive monogenic endocrine disorder caused in >95% of instances by a 

deficiency of the 21-hydroxylase enzyme. It can lead to devastating consequences, 

including death. This disease is characterised by elevated androgen levels, ambiguous 

genitalia in newborn females, post-natal virilisation in both males and females and in 

severe cases may lead to salt wasting crises and death at any life stage from birth. Current 

standard management involves corticosteroid replacement therapy which is fraught with 

inaccuracy and does not completely mimic the physiological profile. Undoubtedly, there 

is a need for a better treatment. Recent progress in genomic therapies and genome editing 

technology have put a potential viable alternative within reach. While the biology of the 

adrenal cortex obviates standard recombinant adeno-associated virus (rAAV) gene 

delivery, a potential alternative is to use rAAV to deliver adrenal enzyme genes to stable 

organs outside of the adrenal gland to ameliorate the phenotype. To further exploit rAAV 

technology, capsid specificity for the adrenocortical progenitor cells needs to be 

established. Single cell transcriptomic techniques could be key in the identification of 

these rare cell populations. CRISPR/Cas9-based gene editing technology could then be 

used to repair the mutant 21-hydroxylase gene in target progenitor cells of the adrenal 

cortex by homology independent targeted integration, which is a powerful new genome 

editing strategy. By combining these strategies and unravelling adrenal biology, the future 

could hold robust, durable gene therapy that provides a cure for this devastating disease.  
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1.3  Adrenal glands 

The adrenals are a pair of endocrine glands that derive their name from their anatomical 

location superior to the kidneys. They were first formally described as a separate entity 

from the perinephric fat in 1564 by Bartolomeo Eustachio in his book Opuscola 

Anatomica.1 Multiple anatomists from the 1600s and 1700s described them as hollow 

organs containing “black bile”; this was most likely autolysed medulla.1 In 1805 Georges 

Cuvier determined that the adrenal gland was solid, and that it was divided into what 

would be later named as the cortex and medulla in 1836.2, 3 They remained simply an 

anatomical curiosity until Thomas Addison first described adrenal insufficiency in the 

mid-1800s.4 Their importance in the sustainment of life was established by Brown-

Sequard who demonstrated in 1856 that adrenalectomy was fatal in dogs.1 

 

1.3.1  Blood supply 

The adrenal glands are supplied by several small arteries that arise from the renal and 

phrenic arteries and aorta. Some variants include supply from the ovarian and left 

spermatic arteries. Arterial blood enters the periphery of the cortex, and then drains 

towards the medulla. The left adrenal vein drains into the left renal vein and the right 

adrenal vein drains directly into the vena cava.5 The adrenal gland has high blood flow 

relative to organ size6 and fenestrated endothelium,7 which makes it an ideal candidate to 

target with gene therapy. 
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1.3.2  Embryology 

The adrenal cortex and medulla have distinct embryological origins. The adrenocortical 

cells derive from the mesoderm, and the medulla from the ectoderm.8 The gonadal ridge 

develops on the mesonephros at about 5 weeks following conception, and this gives rise 

to both the adrenocortical and gonadal cells.9 The adrenogonadal primordium separates 

and the adrenocortical cells migrate into the retroperitoneum where they are invaded by 

sympathetic neural cells during weeks 7-8 which ultimately give rise to the adrenal 

medulla. The zones of the foetal adrenal cortex differ from that of the adult adrenal cortex. 

The outer foetal cortex produces glucocorticoids and mineralocorticoids and is known as 

the “definitive” zone.10 There is a large “foetal” zone deep to this that produces steroid 

precursors, particularly androgens, for placental steroidogenesis.10 The neonatal adrenal 

glands are very large, representing 0.5% of total body weight at birth, whereas they only 

represent 0.0175% of body weight in an adult.5  

 

1.3.3  Zonation 

The foetal adrenal cortex is divided into the outer definitive zone and inner foetal zone. 

The foetal zone is present at birth, and this large zone involutes over the first year of age. 

The remaining definitive zone becomes the outer two adult cortical zones.10 The adult 

adrenal cortex is divided into three zones (Figure 1-1):  

• the zona glomerulosa which is the most peripheral zone, just deep to the capsule 

and produces mineralocorticoids.11 It is characterised by the expression of 

CYP11B2. This zone makes up 10% of the cortex.  

• The middle and largest zone is the zona fasciculata and makes up ~75% of the 

cortex. It produces glucocorticoids and is characterised by the expression of 

CYP11B1.  
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• In the primate adrenal gland, the zona reticularis is next to the medulla and 

contributes 10% to the adult adrenal cortex. It produces adrenal androgens and is 

characterised by expression of CYP17A1, although this gene is also expressed in 

the zona fasciculata to facilitate cortisol rather than corticosterone production.  

The zona glomerulosa and fasciculata are not completely differentiated from the 

combined definitive zone until 3 years of age. The zona reticularis appears during a 

process known as adrenarche, and starts to appear from around age 4 years, but is not 

fully differentiated until about 15 years of age.5, 12 The murine adrenal gland does not 

express Cyp17a1, does not have a zone reticularis and does not produce androgens or 

cortisol: the major glucocorticoid produced by the murine zona fasciculata is 

corticosterone.13, 14 Therefore, a murine model of adrenal disease will not have 

abnormalities of androgen production. In the application of a murine model for gene 

therapy in the adrenal gland the lack of hyperandrogenism must be considered and 

elevation of progesterone could be considered a surrogate marker for hyperandrogenism.  

 

1.3.4  Adrenocortical cellular migration and turnover 

Since the 1930s it has been known that the adrenal cortex can regenerate itself when only 

the capsule remains,15, 16 from a population of cells located in the capsule or in the 

subcapsular region.17 Cells from the peripheral layers proliferate and migrate centripetally 

until they reach the cortico-medullary junction where they apoptose.18 The cells 

differentiate into steroidogenic cells in the zona glomerulosa, and during migration, 

undergo lineage conversion and populate the deeper zones.19 Adrenocortical cellular 

proliferation is less well characterised in the human than in the mouse, however cell 

proliferation is also thought to originate from the periphery of the gland in humans, with 
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the presence of Ki67 staining (a marker for cell proliferation) scattered through the 

peripheral cortex.20 

 

There are multiple populations of long-lived stem and progenitor cells in the adult adrenal 

capsule and cortex. As there is no clear consensus in the definitions, in this chapter “stem” 

refers to the quiescent, long-term retained, multipotent cells that do not express 

steroidogenic factor 1 (SF1) and “progenitor” cells are those that are actively dividing, 

with the capacity to differentiate and express SF1+ and sonic hedgehog (SHH).21  SF1+ 

embryonic adrenocortical cells give rise to SF1– somatic stem cells that reside as a thin 

layer in the adrenal capsule.22 Within the capsule are populations of cells that variously 

express Wilms tumour protein homolog 1 (WT1), GLI family zinc finger 1 (GLI1), R-

spondin 3 (RSPO3), Yes-associated protein (YAP) and transcriptional coactivator with 

the PDZ-binding motif (TAZ), and Nestin.23 Cells expressing GLI1+ are the largest 

population of capsular cells and they give rise to cortical SF1+ progenitor and SF1+ 

differentiated steroidogenic cells of the zona glomerulosa.22, 24 

 

Peripheral progenitor cells of the subcapsular zona glomerulosa are characterised by 

nuclear beta-catenin, SF1+ and SHH+ expression and lack CYP11B2 expression.19, 24 It 

is unconfirmed whether these cells are long-term retained.21 SF1+ SHH+ progenitor cells 

of the zona glomerulosa differentiate into CYP11B2+ steroidogenic cells that produce 

aldosterone, and then they migrate and undergo lineage conversion to become CYP11B1+ 

steroidogenic cells of the zona fasciculata that produce corticosterone in the mouse or 

cortisol in the human (Figure 1-1).19, 23 
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Figure 1-1 Migration and lineage conversion of adrenocortical cells.  

The subcapsular adrenal cortex contains stem cells expressing GLI1 which respond to paracrine signals of the Hedgehog pathway, crucial in 

adrenal differentiation. WT1 expressing cells produce WT1 to initiate SF1 expression to initiate the adrenal cell steroidogenic pathway, requiring 

activation of the cyclic AMP pathway stimulated by circulating pituitary ACTH for effective steroidogenesis and negatively regulate the Wnt-β-

catenin pathway. High Wnt pathway activity keeps adrenal cells in a zG state, reducing Wnt activity has a mitogenic effect. The MC2R (ACTH) 

receptor is expressed following SF-1 action as are steroidogenic genes; ACTH stimulates expression of most adrenal transcription factors and acts 

through the cAMP/protein kinase A (PKA) pathway.  The three adrenal layers differentially express steroidogenic pathways to produce a 

predominance of aldosterone (zG, CYP11B2+), cortisol (zF, CYP11B1+) and adrenal androgens, DHEA and androstenedione (zR, CYP17A1+).  

Adrenal cells migrate centripetally to reach an apoptotic state at the corticomedullary junction. Abbreviations: Glioma associated oncogene 

homolog, GLI1; Wilms tumour 1, WT1; Steroidogenic factor 1, SF1; adrenocorticotropin, ACTH; zona glomerulosa, zG; zona fasciculata, zF; 

dehydroepiandrostenedione, DHEA; zona reticularis, zR. Created with BioRender.com. Reproduced from Graves, et al 2023.25 
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The multiple populations of multipotent adrenal stem and progenitor cells are recruited 

depending on the physiological or pathophysiological requirement.23, 26 Subcapsular 

SHH+, SF1+ progenitor cells give rise to virtually all cortical cells.23 The capsular 

multipotent stem cells are recruited in response to severe stress, but their contribution to 

the cortex during homeostasis is small.21 The capsular SF1– stem cells also significantly 

contribute to cell renewal in the adult female mouse adrenal cortex but have an 

insignificant role in the adult male.27 Male adrenocortical cell renewal relies on SHH+, 

SF1+ subcapsular progenitor cells.24, 27 Recruitment of the GLI1+, SF1- capsular stem 

cells is inhibited in the presence of androgens in both male and female mice.27 Capsular 

cells expressing WT1+ may be recruited in the context of supraphysiological demand.28 

Nestin+ cells are scattered in the capsule and throughout the cortex and have the ability 

to differentiate into steroidogenic cells, particularly during times of stress.29, 30 With this 

constant rate of cell turnover, and renewal, the mouse adrenocortical cells are almost 

entirely replaced in 200 days.31 This renewal process appears to be faster in female mice 

than male (3 months vs 9 months).27 

 

In addition to providing a source of cell renewal, these stem/progenitor cell populations 

provide paracrine signalling pathways which have a major role in the determination of 

adrenocortical zonation.23 Subcapsular progenitor cells secrete Shh ligands which act on 

the capsular stem cells, and capsular cells provide Wnt signalling which is required for 

the maintenance of subcapsular progenitors and differentiated glomerular cells.26 Cells 

expressing DAX1 (NR0B1) may also have an important role in maintaining the progenitor 

pool.32  
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1.3.5  Adrenal steroids 

In the 1920s and 30s mixed bovine adrenal extracts (known as “cortin”) were used to treat 

refractory Addisonian cases.33 Following this, many of the known adrenal steroids were 

isolated during the 1930s by Reichstein and Kendall,34, 35 who were both then awarded 

the Nobel Prizes for Medicine in 1950.36 All steroid hormones are synthesised from 

cholesterol;  in humans most of this cholesterol comes from dietary-derived low-density 

lipoproteins (LDLs) in the plasma via the LDL receptor (LDLR).37 In contrast, rodent 

adrenal steroidogenesis derives cholesterol from high-density lipoproteins (HDLs) which 

is taken up by the scavenger receptor B1 (SRB1), a minor pathway in humans,38 

Cholesterol may also be synthesised de novo by the adrenocortical endoplasmic 

reticulum.38 ACTH can stimulate the LDLR uptake of LDL which is either stored or 

converted to free cholesterol and immediately used for steroid synthesis.39 Free 

cholesterol is first transported to the outer mitochondrial membrane, and then the StAR 

enzyme (encoded by STAR) facilitates cholesterol to move from the outer mitochondrial 

membrane to the inner mitochondrial membrane for steroidogenesis.38  

 

Steroids are lipophilic. Therefore, they cannot be stored in vesicles, and must be 

synthesized as needed. The traditional view of steroid action is that of regulating gene 

transcription. The genomic action of steroids is well established40, 41 whereby the steroid 

hormone binds to the relevant receptor and the steroid-receptor complex then modulates 

gene transcription. However, steroids can also bind to cell surface receptors for fast action 

that is independent of gene transcription.42  
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1.3.5.1  Steroidogenesis and canonical androgen synthesis 
There are six cytochrome P450 (CYP) enzymes that play a major role in steroidogenesis. 

The cholesterol side chain cleavage enzyme (P450scc, encoded by CYP11A1), 11ß-

hydroxylase (P450c11ß, encoded by CYP11B1) and aldosterone synthase (P450c11AS, 

CYP11B2) are mitochondrial, while the remainder are microsomal: 17-hydroxylase 

(P450c17, CYP17A1), 21-hydroxylase (P450c21, CYP21A2) and aromatase (P450aro, 

CYP19A1)38. Together with the hydroxysteroid dehydrogenases (HSDs) these enzymes 

catalyse the production of corticosteroids (Figure 1-2, Table 1-1). 17ß-hydroxysteroid 

dehydrogenase type 3 (17ßHSD3, HSD17B3) is predominantly expressed in the testis for 

testosterone production, and there are small amounts of 17ß-hydroxysteroid 

dehydrogenase type 5 (17ßHSD5, AKR1C3) expressed in the zona reticularis of the 

primate adrenal for testosterone production, however androstenedione is the predominant 

adrenal androgen. Testosterone is reduced to the more potent dihydrotestosterone (DHT) 

in the genital skin by 5α-reductase (5αRed2, SRD5A2).  
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Table 1-1 Enzymes involved in steroidogenesis.  

Enzyme 
Protein 

abbreviation 

Human 

Gene 

Murine 

Ortholog 

Steroidogenic acute regulatory protein StAR STAR Star 

P450-oxidoreductase POR POR  Por 

Cholesterol side-chain cleavage enzyme P450scc CYP11A1 Cyp11a1 

11ß-hydroxylase P450c11ß CYP11B1 Cyp11b1 

Aldosterone synthase P450c11AS CYP11B2 Cyp11b2 

21-hydroxylase P450c21 CYP21A2 Cyp21a1 

17α-hydroxylase/17,20 lyase P450c17 CYP17A1 Cyp17a1 

Aromatase P450aro CYP19A1 Cyp19a1 

11ß-hydroxysteroid dehydrogenase type 1 11ßHSD1 HSD11B1 Hsd11b1 

11ß-hydroxysteroid dehydrogenase type 2 11ßHSD2 HSD11B2 Hsd11b2 

17ß-hydroxysteroid dehydrogenase type 1 17ßHSD1 HSD17B1 Hsd17b1 

17ß-hydroxysteroid dehydrogenase type 3 17ßHSD3 HSD17B3 Hsd17b3 

17ß-hydroxysteroid dehydrogenase type 6 
17ßHSD6 / 

RoDH 
HSD17B6 Hsd17b6 

3ß-hydroxysteroid dehydrogenase type 1 3ßHSD1 HSD3B1 
Hsd3b1 

3ß-hydroxysteroid dehydrogenase type 2 3ßHSD2 HSD3B2 

3α-hydroxysteroid dehydrogenase type 3 AKR1C2 AKR1C2 Akr1c21 

17ß-hydroxysteroid dehydrogenase type 5 
AKR1C3 / 

17ßHSD5 
AKR1C3 Akr1c18 

3α-hydroxysteroid dehydrogenase type 1 AKR1C4 AKR1C4 Akr1c6 

5α-reductase type 1 5αRed1 SRD5A1 Srd5a1 

5α-reductase type 2 5αRed2 SRD5A2 Srd5a2 

Cytochrome b5 b5 CYB5A Cyb5a 

Note the 21-hydroxylase pseudogene is non-functional, and not included in the table. In 

the human it is encoded by CYP21A1-P and in the mouse by Cyp21a2-ps.
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Figure 1-2  Steroidogenesis in humans.  

The major glucocorticoid is cortisol, produced in the zona fasciculata by the expression of CYP11B1. The major adrenal androgen is 

androstenedione. P450-oxidoreductase (POR) is required for the reactions catalysed by all cytochrome P450 enzymes. For P450c17 to have 17,20 

lyase activity (for conversion of 17OH-Preg and 17OHP to DHEA and androstenedione, respectively), it requires cytochrome b5. Adapted from 

Miller and Auchus, 2011.38 
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The murine adrenal cortex does not express Cyp17a1, and thus the major glucocorticoid 

in mice is corticosterone (Figure 1-3). The murine adrenal gland does not produce 

androgens.  

 

 

Figure 1-3 Murine adrenal gland steroidogenesis.  

Cyp11b2 is expressed in the zona glomerulosa to produce aldosterone. As Cyp17a1 is not 

expressed in the adrenal cortex, Cyp11b1, expressed in the zona fasciculata, produces 

corticosterone as the major glucocorticoid in mice. Cyp17a1 is expressed in the murine 

gonads for sex steroid synthesis (pathway not shown).  
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1.3.5.2  Androgen backdoor pathway 
The canonical androgen pathway involves the production of testosterone from DHEA and 

androstenedione in the testes and the zona reticularis of adrenal glands.38 The more potent 

form of testosterone, 5α-dihydrotestosterone (DHT) is produced by 5α-reductase acting 

on testosterone. In the backdoor pathway, DHT is synthesised without the 

DHEA/androstenedione/testosterone intermediaries (Figure 1-4). A pathway that 

converted 17OHP to androstanediol which then circulated and was converted to DHT 

peripherally, without the intermediate step involving testosterone production, was first 

discovered in the Tammar wallaby in the early 2000s.43 This pathway has been shown to 

be present in humans and contributes to male foetal sexual differentiation pathways.44 

The backdoor intermediaries have  been mostly found in the placenta, liver and adrenal, 

rather than the testis.44 The significance of this pathway is that it can be activated in 

hyperandrogenic conditions such as CAH, even in the absence of measurably elevated 

testosterone.  
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Figure 1-4 Backdoor androgen pathway (green).  

The 3α-oxidation of androstanediol is probably performed by 17ßHSD6 but this has not been confirmed. Similarly, the identity of the enzyme that 

is involved in the 3α-reduction of dihydroprogesterone to allopregnanolone and 5α-prenan-17α-ol-3,20-dione to 17OH-allopregnanolone has not 

been confirmed but suspected to be AKR1C2 and/or 4. Adapted from Miller and Auchus, 2019.45
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1.3.5.2.1  11-Oxygenated androgens 
11-ketotestosterone and 11-ketodihydrotestosterone (11-ketoDHT) can both bind and 

activate the androgen receptor with similar efficacy as testosterone and DHT, 

respectively.46, 47 11-hydroxyandrostenedione and 11-hydroxytestosterone may be 

produced in the adrenal gland by P450c11ß where they are converted to the active 11-

ketotestosterone and 11-ketoDHT peripherally (Figure 1-5). There are additional parallel 

pathways not shown in the figure, but they do not lead to other active androgens.48 These 

keto-androgens contribute to the androgen excess seen in P450c21 deficiency,49 where 

P45011ß is likely to be upregulated in response to the lack of P450c21. They are also 

associated with premature adrenarche and polycystic ovarian syndrome.48 There is a 

possible pathway between the C11-oxygenated androgen pathway and the backdoor 

androgen pathway that has been demonstrated through in vitro studies: progesterone or 

17OHP are 11ß-hydroxylated by P450c11ß and then converted to 11-ketoDHT. It is 

thought that P450c11ß only acts on 17OHP and progesterone in the absence of P450c21, 

and so is postulated to be a contributory pathway to hyperandrogenism in CAH.50 
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Figure 1-5 11-Oxygenated androgen production (simplified) (blue).  

11-hydroxyandrostenedione and a small amount of 11-hydroxytestosterone is produced in the adrenal gland by 11-beta hydroxylase from 

androstenedione and testosterone respectively. This is converted by peripheral tissue (eg kidney, adipose) HSD11B2 to 11-ketoandrostenedione 

and 11-ketotestosterone. 11-ketoandrostenedione may also be converted to 11-ketotestosterone, which has similar activity as testosterone. This 

can then be further activated by 5α reductase to 11-ketoDHT. Adapted from Naamneh et al, 2022.48
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1.4  Congenital adrenal hyperplasia 

Congenital adrenal hyperplasia (CAH) refers to a group of seven monogenic adrenal 

disorders, caused by mutations in genes coding for enzymes in the adrenal steroidogenic 

pathway: CYP21A2, CYP11B1, CYP17A1, HSD3B2, STAR, CYP11A1, and POR.51 In 

approximately 95% of cases, CAH is caused by mutations in CYP21A2 resulting in 21-

hydroxylase deficiency, and this autosomal recessive disorder affects approximately one 

in 15,000 livebirths.52 Cytochrome P450 enzymes are located in endoplasmic reticulum 

or mitochondrial membranes. 21-hydroxylase, along with all microsomal cytochrome 

P450 enzymes, requires a flavoprotein POR which transfers electrons from NADPH to 

the enzymes.53  

 

1.4.1  Non-21-hydroxylase deficient CAH 

1.4.1.1  Lipoid congenital adrenal hyperplasia – StAR deficiency 
Lipoid CAH is extremely rare, with an unknown incidence (ORPHA90790) and with 

most cases reported in Korean, Japanese and Palestinian populations.54 As StAR is 

required for the regulation of transport of cholesterol from the outer to inner 

mitochondrial membrane, reduced StAR activity results in deficiency of all steroid 

hormones. Lipid droplets accumulate in the adrenal gland and may be seen on autopsy, 

giving rise to the name of this condition. In addition to the inability to produce steroids, 

lipid accumulation is toxic.51 Severely affected infants present with adrenal crisis. There 

will be female external genitalia in both 46XX and 46XY infants.54 A milder form exists, 

with some residual StAR activity with wide variation in phenotype.55  
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1.4.1.2  Cholesterol side-chain cleavage enzyme deficiency 
The cholesterol side-chain cleavage enzyme (P450scc) is the first step in steroidogenesis. 

Pathogenic variants in CYP11A1 present identically to lipoid CAH, however the adrenal 

glands and gonads are atrophic.56 Distinguishing this from lipoid CAH requires molecular 

genetic testing. P450scc deficiency is considered rare with a prevalence of less than 1 in 

1,000,000 (ORPHA168558),51, 57 however recent genomic investigation of a large cohort 

of children with primary adrenal insufficiency has suggested that it may be more common 

than previously thought.58 

 

1.4.1.3  3ß-hydroxysteroid dehydrogenase deficiency 
HSD3B2 encodes 3ß-hydroxysteroid dehydrogenase type 2 (3ßHSD2) which is expressed 

in the adrenals and gonads. Deficiency of 3ßHSD2 results in reduced aldosterone, cortisol 

and androstenedione. Increased DHEA (produced by P450c17) can be converted to 

testosterone by 3-beta hydroxysteroid dehydrogenase type 1 (3ßHSD1, HSD3B1) which 

is expressed in the placenta or other peripheral sites.51 Infants will present with salt-

wasting adrenal crisis due to insufficient mineralocorticoid and glucocorticoid 

production. 46XY infants may be under-virilised whereas some 46XX infants may have 

virilisation.51 3ßHSD2 deficiency is rare, with an estimated prevalence of less than 1 in 1 

000 000 (ORPHA90791). 

 

1.4.1.4  17α-hydroxylase/17,20-lyase deficiency 
For androgen production, CYP17A1 encodes for an enzyme that has both 17-alpha 

hydroxylase (17OH) and 17,20-lyase activities (P450c17) and is required for the 

conversion of pregnenolone to 17-OH-pregnenolone and progesterone to 17-OH-

progesterone (17OHP), and the subsequent conversion to DHEA and androstenedione, 
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respectively. Therefore, P450c17 deficiency impairs both adrenal and gonadal sex steroid 

production, resulting in absence of puberty and low cortisol.51 Elevated ACTH results in 

increased deoxycorticosterone and corticosterone. Deoxycorticosterone has 

mineralocorticoid activity resulting in hypertension, hypernatremia and hypokalaemia 

while corticosterone has glucocorticoid activity and prevents adrenal crisis even in the 

presence of inadequate cortisol production. 46XY infants will have female external 

genitalia and both 46XY and 46XX children usually present in adolescence with absence 

of secondary sex characteristics, hypergonadotrophic hypogonadism and hypertension 

with low renin.51 P450c17 deficiency is rare with an estimated prevalence of 1 to 9 in 1 

000 000 (ORPHA90793), but there is increased frequency among Brazilians.59  

 

1.4.1.5  P450 oxidoreductase deficiency 
Cytochrome P450 enzymes depend on POR activity for electron transport in the 

endoplasmic reticulum, including P450c17, P450c21 and P450aro, as well as other P450 

enzymes outside of the adrenal cortex. There is a wide range in the presentation of POR 

deficiency based on residual POR activity. It includes women with a PCOS-like 

phenotype, men with androgen deficiency as well as ambiguous genitalia in both 46XX 

and 46XY infants.51, 60 Pre-natal virilisation occurs due to either insufficient placental 

aromatisation of testosterone or production of androgens via the alternative pathway. 

Post-natally, there is sex steroid deficiency. There may also be skeletal dysplasia due to 

extra-adrenal P450 enzymes being affected.61 Mineralocorticoid production is sufficient 

and glucocorticoid production is variable. POR deficiency is rare with an unknown 

prevalence (ORPHA95699). 
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1.4.1.6  11ß-hydroxylase deficiency 
CYP11B1 is expressed in the zona fasciculata (P450c11ß) and catalyses the conversion 

of 11-deoxycortisol and 11-deoxycorticosterone to cortisol and corticosterone, 

respectively. Deficiency of this enzyme results in inadequate cortisol and corticosterone 

synthesis, and resultant increased androgens and precursors. Infants with P450c11ß 

deficiency present similarly to those with P450c21 deficiency with androgen excess and 

adrenal crisis, however they do not have salt-wasting.62 Importantly, deoxycorticosterone 

has weak mineralocorticoid activity and elevated levels can suppress the renin-

angiotensin system, resulting in hypertension, hypernatraemia and hypokalaemia despite 

low serum aldosterone (despite normal aldosterone synthesis capabilities).63 

Mineralocorticoid excess tends to present in the first few months of life after neonatal 

renal mineralocorticoid resistance wanes. P450c11ß deficiency is the second most 

common form of CAH, thought to cause 5-8% of cases.64, 65 It has an estimated prevalence 

of 1 in 100 000 to 1 in 300 000 with a higher prevalence (1 in 5000 to 1 in 7000)  in 

Jewish Moroccans.64, 66, 67 

 

1.4.2  Other monogenic adrenocortical disorders 

While these conditions are not considered congenital adrenal hyperplasia, they can 

present similarly to CAH in the newborn period, and a gene therapy strategy that targets 

one adrenocortical gene could be re-designed and re-purposed to treat other monogenic 

adrenal cortex disorders.  
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1.4.2.1  Aldosterone synthase deficiency 
Aldosterone synthase (P450c11AS) is required for the final steps in the production of 

aldosterone, namely conversion of deoxycorticosterone to aldosterone. Mutations in the 

CYP11B2 gene lead to mineralocorticoid deficiency with salt-wasting in the urine,  renal 

potassium retention resulting in hyponatraemia and hypokalaemia, and markedly elevated 

plasma renin activity and hypotension. Severely affected infants may present with 

vomiting, dehydration and shock. Milder forms can present later with failure to thrive. 

Electrolyte abnormalities tend to stabilise by mid childhood.68 Aldosterone synthase 

deficiency is a rare disorder with unknown prevalence (ORPHA427). 

 

1.4.2.2  Congenital adrenal hypoplasia 
This condition is also known as adrenal hypoplasia congenita. The X-linked form is 

caused by pathogenic variants of the NR0B1 gene and results in absence or minimal 

development of the definitive zone of the foetal adrenal gland. Severely affected boys 

present with salt-wasting crisis in infancy due to mineralocorticoid and glucocorticoid 

deficiency.38 Deletions in NR0B1 can be part of a contiguous gene deletion syndrome that 

may variably involve an X-linked mental retardation locus, glycerol kinase deficiency 

locus, ornithine transcarbamylase deficiency or Duchenne muscular dystrophy.69, 70 An 

autosomal form may be related to variants in NR5A1.38  The prevalence is unknown, and 

estimates vary widely from 1 in 140 000 to 1 in 1.2 million.70  

 

1.4.3  21-hydroxylase deficiency 

Deficiency of 21-hydroxylase (P450c21) is the most common form of CAH and for 

simplicity from here onwards the term “CAH” will refer to this form. The P450c21 
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enzyme is located in the adrenal cortical cell cytoplasm, with the N-terminal integrated 

into the membrane of the endoplasmic reticulum.71, 72 

 

1.4.3.1  Genetics 
The gene for P450c21, CYP21A2 (previously CYP21B), contains 10 exons spanning 3 kb 

and is located on the short arm of chromosome 6 in the human leukocyte antigen (HLA, 

also major histocompatibility complex MHC) class III region (Figure 1-6).73 The segment 

of the MHC class III region that contains the C4 and CYP21A gene cluster is considered 

the most complex region of the human genome.74-77 There are at least 14 distinct 

transcripts in the 140 kb region, and this includes genes that overlap and genes within 

genes.78, 79 The RP-C4-CYP21-TNX (RCCX) module is a ~30 kb region that contains 4 

genes in close association: serine/threonine kinase 19 (STK19, previously RP), 

complement component 4 (C4), 21-hydroxylase (CYP21), and tenascin-X (TNX).80 This 

module is usually in duplicate (69% of Europeans) but may also be found as 

monomodular (17%) or trimodular (14%) copy number variants.81 Duplication of the 

complement 4 gene conferred an evolutionary advantage in immunological function as 

both genes remain active in primates, allowing variety in the complement C4 protein 

through differences in gene size, gene number and nucleotide polymorphisms.82  

 

While both the C4 genes retain biological activity, the remaining duplicated genes have 

one or more pseudogenes. There is a homologous 21-hydroxylase pseudogene 

(CYP21A1P; previously CYP21A) that shares 98% and 96% homology in the exonic and 

intronic regions respectively.73 The human pseudogene has at least 15 mutations along 

the length of the gene that render it non-functional.83 Significantly, an 8-base deletion in 

codons 110-112 (exon 3) results in a frameshift and, subsequently, a stop codon at codon 
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130.73 Downstream in CYP21A1P there are two further mutations including a cluster of 

four point mutations in codons 234-239 and a nonsense mutation in codon 318.84  

 

The CYP21 locus most likely duplicated by non-homologous recombination74 possibly 

after mammalian speciation as some mammals do not possess two genes,85 although 

others suggest that the duplication may have occurred prior to 90 million years ago in a 

proto-mammalian synapsid ancestor and some mammal species have since eliminated the 

duplication.82 However, duplication may have arisen independently in primates and 

rodents as the duplication borders vary.74 In rodents, Cyp21a2-ps was inactivated rather 

than Cyp21a1.74 In humans, inactivation of the CYP21A1P pseudogene is thought to have 

occurred 6 million years ago after our primate ancestors diverged from orangutan and 

gorilla ancestors but it is unclear whether this occurred prior86 or subsequent87 to the split 

between chimpanzees and humans, as both possess the 8 bp deletion that renders the 

pseudogene non-functional.88  

 

The CYP21A2 gene is 30 kb downstream from CYP21A1P and meiotic recombination 

events are common due to the high degree of homology between CYP21A2 and 

CYP21A1P.73, 84, 89-91 CYP21A1P lies between genes encoding the fourth serum 

complement components C4A and C4B, and the C4B gene lies between CYP21A1P and 

CYP21A2.91 Due to the high homology and tandem-repeat organisation of the genes, 

pathogenic variants due to misalignment of chromosomes causing unequal crossover and 

gene conversion events are common, causing the majority of CYP21A2 mutations.92-95 

There are over 350 known variants in CYP21A2 listed in the Human Gene Mutation 

Database (HGMD, http://www.hgmd.cf.ac.uk)96 spanning all 10 exons.  
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Figure 1-6 CYP21A2 region on chromosome 6. 

A 138 kb region of from the short arm of chromosome 6 is shown (NCBI Accession number NC_000006). There is a tandem arrangement of C4A, 

CYP21A1P, C4B and CYP21A2. The CYP21A2 gene is 32.8 kb downstream from the CYP21A1P pseudogene. The CYP21A2 locus is 3.2 kb and 

the cDNA is 2 kb. Alignment with the CYP21A1P pseudogene is shown .
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1.4.3.2  Biochemistry 
Pathogenic variants in the CYP21A2 gene which lead to defective 21-hydroxylation result 

in a reduction in the synthesis of life-sustaining adrenocortical hormones: cortisol 

(glucocorticoid) and aldosterone (mineralocorticoid). There is accumulation of upstream 

precursor steroid hormones such as 17-OHP which are shunted into the P450c17 pathway, 

leading to increased levels of adrenal androgens via the canonical androgen pathway, the 

backdoor androgen pathway and through production of 11-oxygenated androgens (Figure 

1-7).51, 97, 98 The lack of cortisol leads to stimulation of the adrenal cortex by 

adrenocorticotropic hormone (ACTH) and thus to further androgen production. Excess 

17OHP may also be converted to 21-deoxycortisol by P450c11ß, which has been 

suggested to be a better marker of P450c21 deficiency than 17OHP.99, 100 
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Figure 1-7 Steroidogenesis in P450c21 deficiency.  

As 11-deoxycorticosterone and 11-deoxycortisol cannot be produced in adequate amounts (pale orange), there is a buildup of the precursors 

(progesterone and 17OHP) which are then shunted along the canonical androgen pathway via P450c17 (dark orange). Furthermore, there is 

enhanced activation of the backdoor pathway (green) and 11-oxygenated androgen pathway (blue), further exacerbating the hyperandrogenic state. 

21-deoxycorticosterone and 21-deoxycortisol may be produced by P450c11ß as specific markers of P450c21 deficiency (purple) and have been 

proposed to enter the C11-oxygenated androgen pathway.  
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1.4.3.3  Phenotypes  
There is a spectrum of disease severity. Phenotypically, CAH can be divided into classical 

and non-classical forms, with the classical form further divided into salt-wasting and 

simple virilising. Although the phenotypes are defined as such, it is a continuous spectrum 

based on residual enzyme activity. While aldosterone deficiency is not generally 

clinically significant in simple virilising and non-classical CAH, there is some degree of 

aldosterone deficiency in all phenotypes.101 

 

Most patients have compound heterozygosity, and the phenotype tends to correlate with 

the less severely affected allele. While there is some genotype-phenotype correlation, 

particularly with severe or mild disease, the phenotype in patients with genetic variants 

that are associated with intermediate disease may be harder to predict, even within 

families.90, 102 

 

1.4.3.3.1  Classical sat-wasting CAH 
Complete inactivation of the P450c21 enzyme results in classical salt-wasting CAH, 

which is the most severe phenotype. Aldosterone and cortisol are unable to be produced 

in sufficient quantities to sustain life. Due to elevated androgens in utero, 46XX infants 

may be born with virilised genitalia and CAH may be detected and treatment commenced 

prior to a salt-wasting crisis. Virilised genitalia may be permanent. Normal male genitalia 

are present in 46XY infants and in some 46XX infants the virilisation is subtle. If CAH 

is not suspected and detected shortly after birth, classical salt-wasting disease will present 

in the first couple of weeks of life with a severe adrenal crisis: hyponatraemia, 

hyperkalaemia, elevated renin and hypovolaemic shock.103, 104 This can be fatal. Infants 

may also have a history of vomiting, lethargy, and failure to thrive. 
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1.4.3.3.2  Simple virilising CAH  
With greater than 2% P450c21 function, patients can produce enough aldosterone to 

avoid severe salt-wasting crises but have inadequate cortisol for all functions and produce 

excessive androgens. This is known as the simple virilising phenotype.104, 105 Female 

infants may have evidence of virilised genitalia at birth. Either sex may present with 

hypocortisolaemia or as toddlers or children with early pubic hair development and 

increased growth velocity with tall stature.51, 105 They will have advanced bone age, and 

if untreated their final height may be compromised due to early closure of their growth 

plates.  

 

1.4.3.3.3  Non-classical CAH 
Enzyme activity between 10-75% causes the non-classical form which is the mildest of 

the three phenotypes, where enough cortisol is produced for maintenance of homeostasis 

however there is not enough to suppress ACTH secretion and may lead to elevated 

androgens.106 Individuals with non-classical CAH may be relatively asymptomatic or 

may have evidence of hyperandrogenism with early pubic hair development in children 

of either sex and hirsutism, oligomenorrhoea and anovulation in female adults.104, 105 The 

signs and symptoms can be similar to polycystic ovarian syndrome in women.   

 

As 2% residual enzyme function confers protection from severe salt-wasting, it is 

plausible that delivering the wild-type CYP21A2 gene to a small number of cells in severe 

salt-wasting CAH could improve the phenotype to simple-virilising CAH, or even non-

classical CAH.  
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1.4.3.4  Historical context of congenital adrenal hyperplasia 
Almost 200 years have passed since the probable first case of presumed CAH was 

described in The Lancet in 1833: a 62-year-old “man” died following an episode of 

cholera and autopsy revealed a penis with hypospadias, ovaries, fallopian tubes and a 

uterus, however the adrenal glands were not mentioned.107 More than 30 years later the 

best-described early case of CAH was reported by the forensic pathologist Luigi De 

Crecchio in Sopra un Caso di Apparenze Virili in una Donna (A Case Report of Masculine 

Appearance in a Woman) in 1865.108 A published translation shows that in this report he 

described the autopsy of a person who lived as a man (he was recorded as female on his 

birth certificate, however this was changed at age 4 years), and had a phallus, no testes, 

internal female genital structures and enlarged adrenal glands and the description of his 

death could be consistent with an adrenal crisis.109 It is likely that the subject of this report 

had simple virilising congenital adrenal hyperplasia as he survived until age 44 years. The 

first report of familial, salt-wasting CAH, where infants with “hermaphroditism” 

developed wasting, followed by death within a few weeks of life, came from 1886 when 

John Phillips described four infant siblings with ambiguous genitalia who died in 

circumstances consistent with a salt-wasting crisis.110 He performed an autopsy on the 

last sibling and found normal female internal genitalia (the infant was designated male in 

life) and enlarged “suprarenal capsules”. Dr Phillips believed that the cause in the first 

case was triggered by the mother being “badly frightened by a runaway horse in her third 

month of pregnancy”, and the remaining three cases were due to her anxiety regarding 

the recurrence of hermaphroditism, on a background of family predisposition due to 

“hernial or other weakness present in one of the parents”, in this case the father. He also 

drew the conclusion that there is a “distinct tendency towards bearing hermaphrodites 

may be developed in a mother who has already borne one of that class”.110 While this 
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history strongly suggests a hereditary basis for CAH, the possibility of inheritance was 

disputed in the 1950s. Some of this confusion arose due to the proximity of the adrenal 

glands to the kidney and the difficulty in distinguishing adrenocortical cancers (which 

may also cause virilisation) from cancers of renal origin, and it was thought that renal 

cancers arose from abnormal adrenal gland tissue, including hyperplastic glands.1 

 

Despite the medical community’s awareness of CAH since the late 19th century, the 

pathogenesis remained poorly understood, and treatment with glucocorticoids was not 

attempted until more than 8 decades later in the mid-20th century.111-113 The 

administration of corticosterone to cases of the “adrenogenital syndrome”, the earlier 

name for a number of disorders that included CAH, was associated with a reduction of 

17-ketosteroid excretion in urine (17-ketosteroids include adrenal androgens such as 

androstenedione and dehydroepiandrosterone and their metabolites), onset of menarche 

or improved menstrual regularity, commencement of breast development, reduction in 

acne, and reduced skin pigmentation.111, 112 One of these studies also showed that there is 

an increased steroid requirement during times of stress.112 Prior to this, treatment with 

ACTH and exogenous androgens or partial adrenalectomy had failed.111, 112 Five years 

after CAH was successfully treated with glucocorticoid, it was first demonstrated that 

there was deficient synthesis of cortisol (“Compound F”) in virilising CAH due to 

defective 21-hydroxylation.114 The enzyme blockage was found to be between 17-

hydroxyprogesterone and cortisol, with deficiency of 11-hydroxylase unlikely due to 

minimal excretion of 21-hydroxylated steroids upstream from 11ß-hydroxylation (e.g. 

17-hydroxy-11-deoxycorticosterone).114 In 1985 the genetic basis for P450c21 deficiency 

was determined to be due to pathogenic variants in the 21-OHase “B” gene (now known 

as CYP21A2) and not the other 21-OHase “A” gene (CYP21A1P).115 While our 
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understanding of the pathogenesis of this disease has improved, we have not come very 

far in terms of treatment for CAH since the mid-20th century and continue to treat this 

condition with glucocorticoid, mineralocorticoid, and salt (see Section 1.4.3.6).52  

 

1.4.3.5  Newborn screening  
Failure to diagnose classical CAH in the early neonatal period can lead to life-threatening 

adrenal crisis in infants, incorrect male gender assignment in virilised females or other 

complications in childhood which have been discussed previously. A screening tool using 

heel prick capillary blood collected on filter paper (similar to other newborn screening 

tests) to measure 17OHP was developed in 1977.116 Following this, the first CAH pilot 

newborn screening program was commenced in 1977 in Alaska after a very high 

incidence (1:1481 live births) of P450c21 deficiency was found in the indigenous Alaskan 

population.117, 118 CAH has been on the newborn screening test in New Zealand since 

1984.119 By 2015, CAH was on a newborn screening program for all states in the US, 

parts of Canada, 19/48 European countries, 9/20 Latin American countries (an additional 

5 countries offer CAH newborn screening in the private sector), and 6/24 countries in the 

Asia-Pacific region (Japan, South Korea, New Zealand, Palau, Philippines, and 

Taiwan).120 After a pilot study in Australia,121 P450c21 deficient CAH was added to the 

myriad of newborn screening tests in New South Wales for babies born from the 1st of 

May 2018.122 Other Australian states have followed but newborn screening for CAH is 

not yet universal in Australia. As a result of newborn screening, it is possible to diagnose 

infants prior to their first salt-losing crisis and to, therefore, treat earlier, reducing 

morbidity and mortality.52 Due to the presence of the highly homologous pseudogene, 

CYP21A1P, mutations are unable to be reliably detected in CYP21A2 with next 

generation sequencing.123 For this reason and because CAH is now screened for in 
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Newborn Screening, The Australian Reproductive Carrier Screening Project 

(Mackenzie’s Mission124; ClinicalTrials.gov Identifier: NCT04157595) did not include 

P450c21 deficiency and, therefore, it is unlikely that the most common cause of CAH 

will be part of any future parent carrier screening program (E. Kirk, personal 

communication, 2020). Since implementation of the NSW Newborn screening program 

in May 2018 until April 2020, over 200 000 newborns were screened, and classical salt 

wasting CAH was detected at an incidence of 1: 22 551.122  

 

1.4.3.6  Treatment and impact  
While early diagnosis and treatment are imperative in saving the lives of infants born with 

the severe form of this condition, treatment is far from perfect, and little has changed 

since it was first introduced in the 1950s.111, 112, 125 Current standard management is 

fraught with inaccuracy as there is no perfect biochemical test to monitor therapy. Classic 

CAH is treated with glucocorticoids with or without mineralocorticoids, depending on 

the phenotype and management choices. Glucocorticoids are required to replace cortisol 

deficiency and a supraphysiological glucocorticoid dosage is required to suppress 

androgen production. Too little hydrocortisone can result in adrenal crisis, virilisation of 

female patients (hirsutism, clitoromegaly, disordered menstruation), precocious puberty, 

and short stature; too much hydrocortisone can result in short stature, hypertension, and 

cushingoid side effects.51, 52, 95, 126 Mineralocorticoids are required in salt-wasting forms. 

Infants have mineralocorticoid resistance and, therefore, high doses are needed for the 

first months of life.127 If increasing sensitivity is not recognised, infants may become 

hypertensive when the dose is weaned too slowly. Infants may also require salt 

supplementation. Although not required for maintenance of salt homeostasis, 

mineralocorticoid supplementation may also be used in simple virilising forms to treat 
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relative aldosterone deficiency which allows reduction in the glucocorticoid dose and 

improves final height.128  

 

Patients on daily glucocorticoid treatment or those with a suboptimal response to ACTH 

stimulation testing must receive increased glucocorticoid dosing during times of stress 

(e.g. illness, injury, surgery) to avoid adrenal crisis.52 The burden of treatment involves 

taking medication up to three to four times per day, and increased doses at times of stress 

(illness, surgery, and trauma). The distribution of these doses is controversial, and 

replacement is not completely physiological. In the paediatric population, there is the 

addition of care giver burden and disruption to the parents’ daily life.129 Even with good 

adherence to treatment, patients are shorter than the general population, have fertility 

issues, develop hypertension, may have obesity, are at risk of low bone mineral density 

and have been shown to have a poorer quality of life.126, 130-132 They may also be more 

prone to attention-deficit hyperactivity disorder, anxiety and depression.133, 134 In some 

cases, suppression of hyperandrogenism is so challenging that bilateral adrenalectomy 

may be considered, resulting in absolute adrenal hormone deficiency.135 Furthermore, 

patients with CAH have a shortened life expectancy compared with the general 

population with both adrenal crisis and all-cause mortality contributory.136 

 

As current standard management is far from perfect, alternative and adjunctive treatment 

options have been explored, including subcutaneous hydrocortisone pumps and modified 

release once-daily hydrocortisone.137-141 Neither of these alternatives is ideal as pump 

management is complex and the modified release hydrocortisone is not superior to 

standard management.142, 143 Adjunctive treatment to reduce androgen excess have been 

trialled in small groups of patients. The enzyme P450c17 converts steroid precursors to 
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DHEA and androstenedione which in turn may be converted to other adrenal androgens 

(Figure 1-2). Abiraterone acetate inhibits P450c17,144 and has been trialled in women 

with poorly controlled CAH resulting in  normalisation of androstenedione levels.145 

However, abiraterone acetate will inhibit gonadal steroid production and therefore should 

only be used in pre-pubertal children, women on effective contraception/hormone 

replacement therapy or men who receive exogenous testosterone replacement.142 Other 

strategies to reduce androgen excess include reducing ACTH production. A selective 

corticotropin-releasing hormone receptor type 1 agonist was trialled in addition to 

standard therapy and was able to reduce morning ACTH and lower serum 17OHP in a 

small trial of eight women with classic CAH.146  

 

Treatment for CAH has changed minimally since it was first applied in the 1950s, despite 

being far from a perfect remedy. Alternative treatments have been explored but are not 

superior to standard corticosteroid treatment. Gene therapy is a potentially viable 

alternative treatment by increasing the P450c21 expression and, thereby, overcoming the 

deficiency.  

 

1.5  Gene therapy  

Gene therapy technology has advanced to a point where potential curative treatments are 

realistic and enticing possibilities for monogenic adrenal disorders such as CAH. Gene 

therapy approaches correct, prevent, or alleviate disease by replacing (gene addition) or 

repairing (gene editing) genes carrying pathogenic variants. Therapeutic options include 

naked DNA, synthetic oligonucleotides, viral vectors, and lipid nanoparticles (LNP). 

Potential gene therapy complications include acute toxicity from infusion of foreign 
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material (e.g., viral particles), cellular and humoral immune responses against the 

transduced cells and the therapeutic gene product respectively, and insertional 

mutagenesis.147  

 

1.5.1  History of gene therapy 

Gene therapy research has origins in bacterial work from the early 20th century. The 

ability for bacterial cells to take up cell-modifying material at the time called the 

“transforming principle” from the environment (transformation) was discovered in the 

1920s.148 Bacterial transformation is exploited in the production of gene therapy whereby 

engineered plasmids are taken up by bacteria, and subsequently the plasmid-containing 

bacteria is grown. Thus the plasmid is reproduced by the bacterial genetic replication 

machinery. The “transforming principle” was determined to be DNA, not protein as was 

previously thought, by Oswald Avery and colleagues in the 1940s.149 Two other methods 

for transferring DNA between bacterial cells were discovered in the 1940s and 1950s and 

include conjugation (mating)150 and transduction.151 Transduction was discovered by 

Norton Zinder and colleagues, and occurs when a bacteriophage (virus) transfers genetic 

material from one bacterium to another and is one of the mechanisms by which bacteria 

may acquire antibiotic resistance.151 Transduction is not limited to bacterial cells, and this 

concept underpins gene therapy whereby a viral vector introduces foreign genetic 

material into a eukaryotic cell. The rescue of a genetic defect through the transfer of 

foreign DNA was demonstrated in the 1960s and was the first time that gene transfer was 

shown to be potentially heritable.152 Shortly thereafter, it was shown that stable 

inheritance occurred through the integration of foreign DNA into the host chromosome.153  
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It was postulated as early as the 1960s that viral gene transfer could possibly be exploited 

as a genetic therapy, particularly for disease due to enzymatic defects.154-156 Following 

initial proof-of-concept for virus-mediated gene transfer in plants,157 an attempt at a 

human gene therapy trial was made in the 1970s, prior to the development of recombinant 

DNA technology.158, 159 The Shope rabbit papilloma virus was known to induce arginase 

in rabbits and was able to induce arginase in skin fibroblasts from humans with arginase 

deficiency.158 Following the in vitro study, three siblings with arginase deficiency were 

injected intravenously with purified Shope virus, however there was no change in serum 

arginine.159 The trial was inherently flawed, as the virus had degraded in storage and was 

no longer infective.159, 160 The first approved gene transfer study was undertaken in 1989.  

A γ-retroviral vector was used to tag lymphocytes ex vivo which were then returned to 

the patient.161  The first trial using a therapeutic gene was conducted in the 1990s where 

autologous T cells were genetically modified ex vivo and then engrafted back into two 

infant patients with severe combined immunodeficiency (SCID) due to adenosine 

deaminase (ADA) deficiency.162 While gene expression persisted, the therapeutic effect 

was not significant.163 Hundreds of trials were commenced in the 1990s. However, there 

was concern raised in the Orkin-Motulsky report in 1995 regarding the lack of scientific 

understanding of the viral vectors and their interactions with hosts: there was a 

recommendation that funding be targeted towards basic research.164 This heralded a 

devastating outcome where in 1999 a participant in a gene therapy trial for ornithine 

transcarbamylase deficiency, Jesse Gelsinger, died from multiorgan failure 4 days after 

administration of an adenovirus vector.165-167 Yet, the first successful gene therapy trial 

in humans was published in 2000, using a retroviral vector in patients with severe 

combined immunodeficiency X1 disease (SCID-X1).168 Shortly thereafter, risk of 

insertional mutagenesis was reported in a mouse model using a retroviral vector,169 and 
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in 2003 pre-malignant cellular proliferation was reported in two patients from the SCID-

X1 trial in 2000.170 Subsequently, several further reports showed a risk of insertional 

mutagenesis following gene therapy in humans,171-174 and approval for gene therapy trials 

declined.175, 176 Despite these setbacks, the field of gene therapy persevered177 and as the 

technology has improved, the number of trials has exploded.178 A deepening 

understanding of the science behind gene therapy, improvements in safety and 

advancements in efficiency of gene transfer have led to considerable progress in the field 

of genetic therapies.179  

 

While the technology for genetic therapeutics has entered a new era, clinical translation 

remains a major barrier. There has been a steady rise in the number of clinical trials for 

human gene therapy, however the majority of these are in early stages of development. 

From 1989-2004 over 900 clinical trials in gene therapy had been approved,175 increasing 

to 1300 by 2007.180 By 2012, there were over 1800 clinical trials that had been approved 

worldwide.181 By the end of 2017, 2597 gene therapy clinical trials had been approved 

worldwide.182 Despite this exponential growth in clinical trials, by December 2023, only 

30 gene therapies were available commercially in the world.178 In addition, there were 18 

approved non-coronavirus related RNA therapies.178 The commercial gene therapies 

released to the end of 2023 are summarised (Table 1-2).  
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Table 1-2 Commercially available gene therapies.  

Name Gene therapy description Indication 
First 

Approved 
Note 

Gendicine  

(recombinant p53 gene) 

Recombinant adenoviral vector 

expressing p53, rAd-53 

Head and neck cancer 2004 Considered the first 

commercially available 

gene therapy 

Oncorine  

(E1B/E3 deficient adenovirus) 

Recombinant human Adenovirus 

type 5 injection, H101 

Nasopharyngeal carcinoma. 

Head and neck cancer 

2005  

Rexin-G  

(mutant cyclin-G1 gene) 

Retroviral-dnG1 Soft tissue sarcoma and 

osteosarcoma 

2006  

Neovasculgen  

(Cambiogenplasmid) 

Plasmid-VEGF Peripheral vascular disease 

and limb ischaemia 

2011  

Glybera  

(Alipogene tiparvovec) 

Recombinant adeno-associated 

virus (rAAV) vector: rAAV1-LPL 

Familial lipoprotein lipase 

deficiency 

2012 First rAAV gene 

therapy approved. 

Withdrawn from 

market due to lack of 

demand and expensive 

production 

Imlygic  

(Talimogene laherparepvec) 

Genetically modified oncolytic 

viral therapy medicine: HSV1-GM-

CSF 

Melanoma 2015  

Zalmoxis Allogenic T cells with retroviral-

δLNGFR/HSV1-TK 

Restoring immune system 

after haematopoietic stem-

cell transplant 

2016 Was initially 

conditionally approved 

pending phase III 

studies, however trial 
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suspected as no benefit 

to survival183 

Strimvelis Autologous CD34+ cells 

transduced with retroviral-ADA 

Severe combined 

immunodeficiency due to 

adenosine deaminase 

deficiency  

2016 First ex vivo corrective 

gene therapy to 

achieve approval184 

Kymriah  

(Tisagenlecleucel) 

chimeric antigen receptor 

(CAR) T cell immunotherapy: 

lentiviral-CD19 applied to patient’s 

T cells ex vivo 

Relapsed B cell acute 

lymphoblastic leukaemia 

(paediatric patients up to 25 

years of age) 

2017  

Luxturna  

(Voretigene neparvovec) 

rAAV2-PRE65 Bi-allelic RPE65 associated 

retinal dystrophy 

2017  

Yescarta  

(Axicabtagene ciloleucel) 

CAR T cell immunotherapy: 

retroviral-CD19 

Relapsed or refractory large 

B cell lymphoma (adult 

patients) 

2017  

Invossa Human allogenic chondrocytes 

transduced with retroviral-TGF-β1  

Moderate knee osteoarthritis 2017 Withdrawn in 2019183 

Collategene  

(Beperminogene perplasmid) 

Naked plasmid-HGF Critical limb ischaemia 2019  

Zolgensma  

(Onasemnogene abeparvovec) 

rAAV9-SMN1 Spinal muscular atrophy with 

biallelic mutation in SMN 1 

gene (paediatric patients) 

2019  

Zynteglo  

(Betibeglogene autotemcel) 

Haematopoietic stem cells 

transduced with lentiviral-β-globin 

vector 

Transfusion dependant β-

thalassemia (patients over 12 

years of age) 

2019  
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Tecartus  

(Brexucabtagene autoleucel) 

CAR T cell immunotherapy: 

retroviral-CD19 

Relapsed or refractory mantle 

cell lymphoma (adult 

patients)185 

2020  

Libmeldy  

(Atidarsagene autotemcel) 

Autologous CD34+ cells 

transduced with lentiviral vector 

encoding ARSA gene 

Metachromic leukodystrophy 2020  

Breyanzi  

(Lisocabtagene maraleucel) 

CAR T cell immunotherapy Diffuse large B-cell 

lymphoma; follicular 

lymphoma 

2021  

Abecma  

(Idecabtagene vicleucel) 

CAR T cell immunotherapy 

targeting B-cell maturation antigen 

Multiple myeloma 2021  

Delytact  

(Teserpaturev) 

Recombinant Herpes simplex 1 

virus 

Malignant glioma 2021  

Relma-cel  

(Relmacabtagen autoleucel) 

CAR T cell immunotherapy Diffuse large B-cell 

lymphoma; follicular 

lymphoma 

2021  

Skysona  

(Elivaldogene autotemcel) 

Autologous CD34+ cells 

transduced with lentiviral vector 

encoding ABCD1 gene 

Early cerebral 

adrenoleukodystrophy 

(CALD) 

2021  

Carvykti  

(Ciltacabtagene autoleucel) 

CAR T cell immunotherapy 

targeting B-cell maturation antigen 

Multiple myeloma 2022  

Upstaza  

(Eladocagene exuparvovec) 

rAAV2-AADC Aromatic L 

amino acid decarboxylase 

(AADC) deficiency 

2022  

Roctavian  

(Valoctocogene roxaparvovec) 

rAAV5-F8 Haemophilia A 2022  
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Hemgenix  

(Etranacogene dezaparvovec) 

rAAV-F9 Haemophilia B 2022  

Adstiladrin  

(Nadofaragene firadenovec) 

Adenoviral vector encoding IFN 

alpha2b gene 

Bladder cancer 2022  

Elevidys  

(Delandistrogene 

moxeparvovec) 

rAAVRh74 micro dystrophin 

transgene 

Duchenne muscular 

dystrophy 

2023  

Vyjuvek  

(Beremagene geperpavec) 

HSV1 vector delivering COL7A1 Dystrophic epidermolysis 

bullosa 

2023 Topically applied to 

wounds. Redosable. 

Fucaso  

(Equecabtagene autoleucel) 

CAR T cell immunotherapy anti-B 

cell maturation antigen 

Multiple myeloma 2023  

Casgevy  

(Exagamglogene autotemcel) 

Electroporation of patient’s CD34+ 

haemtopoetic stem cells to 

introduce CRISPR/Cas9 complex.  

Disrupts BCL11A expression which 

induces foetal haemoglobin 

expression 

Sickle cell anaemia; 

thalassaemia 

2023 First approved 

CRISPR-based therapy  

Inaticabtagene autoleucel CAR T cell Acute lymphocytic leukaemia 2023  

Lyfgenia  

(Lovotibeglogene autotemcel) 

Lentiviral vector delivering 

modified b-globin (T87Q). 

Sickle cell anaemia 2023  

Adapted from Ma et al (2020)186, Evans (2019)183 and ASGCT quarterly report Q4 (2023).178  
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The first gene therapy recognised to be commercially available was Gendicine (Shenzhen 

SiBiono GeneTech, China) for the treatment of head and neck squamous cell carcinoma 

which was approved in China in 2003.160 In the European Union, the first clinically 

approved gene therapy was Glybera (uniQure, Netherlands) in 2012, which utilised an 

AAV vector designed to express lipoprotein lipase in the muscle for treatment of 

lipoprotein lipase deficiency.187 Glybera was withdrawn from the market due to high cost 

of production and low utilisation.186 The first American AAV-based gene therapy 

Luxturna (Spark Therapeutics, USA) was approved in 2017 for treatment of a form of 

retinal dystrophy caused by RPE65 deficiency.182 Zolgensma (AveXis, USA) is another 

commercially available AAV-based gene therapy that treats spinal muscular atrophy and 

has been shown to have advantages over Spinraza (BioGen),188 an oligonucleotide drug 

which requires repeated intrathecal injections.189 The exponential growth in gene therapy 

clinical trials and paucity of commercially available gene therapies alludes to the presence 

of challenges faced in the commercialisation of ultra-expensive bespoke therapies for 

ultra-rare conditions.  

1.5.1.1  Challenges in commercial sustainability 
In the process of therapeutic development and implementation, there are hurdles at every 

step, and many of these barriers are more difficult to surmount for ultra-rare diseases. 

Gene therapies are extraordinarily cost intense, in both the research and development 

phases and during commercial manufacture. Regulatory processes may also be cost-

prohibitive. If a disease is rare and the intervention is mutation-specific, regulatory 

compliance may be required for each individual disease variant, rather than batching the 

treatment as one – limiting the utilisation of bespoke products. The inherent rarity of these 

conditions means that the market size may not provide opportunity for cost recuperation. 

The health economic burden must also be considered: a million-dollar transformative 
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treatment that results in an individual reaching adulthood and entering the workforce with 

little or no disability where previously the condition would have resulted in early death 

has great health economic benefit. In comparison, it is more difficult to assess whether a 

partially effective treatment that may still leave considerable disability results in less 

overall cost to the healthcare system than going without advanced therapeutic treatment. 

In addition, the complexity of treatment administration must be considered. In ex vivo 

gene therapy, cells are harvested from an individual, purified, treated with the therapeutic 

product and reintroduced to the patient, who may have been required to undergo 

myeloablation or other conditioning therapy. This means that the centres that are able to 

administer this treatment are limited to those with facilities that can fulfill each step in 

the treatment pathway. This in turn limits the scalability of treatment delivery, and 

patients may need to travel long distances to receive treatment.  

 

Strimvelis, the first ex vivo gene therapy to gain regulatory approval,184 exemplifies the 

challenges faced by advanced therapeutics for ultra-rare diseases. Strimvelis treats 

adenosine deaminase deficient severe combined immune deficiency (ADA-SCID), a rare 

autosomal recessive disease with an estimated incidence of 1 in 200 000 to 1 000 000 

(ORPHA 277). The therapy was developed at the San Raffaele Telethon Institute for  

Gene Therapy in Milan, Italy in the early 2000s. It utilises a gammaretroviral vector 

encoding human ADA cDNA that transduces autologous CD34+ cells for the treatment 

of patients with ADA-SCID who cannot have an allogenic stem cell transplant due to 

unavailability of a suitable donor.190-193 The transduced cells that are able to produce 

adequate quantities of ADA are conferred with a survival advantage over the 

untransduced cells, without the need for complete myeloablation. The development of 

this therapy was funded by the Italian Telethon Foundation (Fondazione Telethon), a 
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charity that supports research for rare genetic diseases.190 A partnership between the 

Telethon Foundation, San Raffaele Hospital, and GlaxoSmithKline (GSK) in 2010 

provided the network of resources and infrastructure required to complete the 

commercialisation of Strimvelis, and it was licenced in 2016.184, 194 However, in 2018 

GSK sold their portfolio of gene therapies, including Strimvelis, to Orchard 

Therapeutics,195 and by 2022, Orchard had determined Strimvelis was not economically 

viable and discontinued the program.196 The licence was transferred back to the Telethon 

Foundation, which was the first time that a non-profit organisation has taken on the 

responsibility of distributing a gene therapy product, and Strimvelis remains available to 

patients through the San Raffaele Hospital in Milan, Italy.196 These events demonstrate 

the difficulty in recuperating costs of highly expensive therapies with limited market size: 

two commercial biomedical companies attempted and failed. However, the licencing the 

product to a not-for-profit organisation is an innovation solution and may future-proof the 

continual availability of advanced therapeutics to patients with ultra-rare conditions.  

 

Glybera is another example of the challenges faced in the commercialisation of expensive 

therapies for ultra-rare conditions. It is an AAV1 vector that encodes the gene LPL with 

a naturally occurring gain-of-function mutation for treatment of lipoprotein lipase 

deficiency,197 and was the first gene therapy to reach market.187 Lipoprotein lipase 

deficiency is a rare monogenic disorder affecting 1 to 9 in 1 000 000 (ORPHA 309015) 

that causes dyslipidaemia and recurrent pancreatitis. While Glybera shown to reduce 

incidence and severity of pancreatitis, it did not improve dyslipidaemia198 and it was 

removed from market in October 2017, 5 years after it was approved for use in the 

European Union.199 Treatment with this therapy was approximately $1 million per 

person,200 and coupled with the rarity of the disease it treated, was not commercially 
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sustainable.199, 201  Moreover, long-term data has since shown that the clinical efficacy 

was not sustained.202 The fate of Glybera serves as a cautionary tale in the development 

of high cost treatments for ultrarare diseases, where the treatment is only partially 

effective and the small patient population may not provide opportunity for recouperation 

of development costs. Therefore, biotechnology companies must include health economic 

considerations in their gene therapy development programs, including robust scientific 

merit and justification that the high cost of production will fulfil and imperative unmet 

need.  

 

Traditional pharmaceutical development pipelines may not be appropriate to gene therapy 

due to the aforementioned challenges and alternative models are required. Collaboration 

between academic institutions and industry can facilitate efficient streamlining of the 

transition of therapy from bench to bedside. Additionally, innovating funding models 

such as public-private partnerships, crowdfunding, and venture philanthropy can help 

mitigate the financial risks associated with gene therapy development and may permit 

investment into less commercially viable therapeutic areas.  

 

1.5.2  Vectorology 

The major challenge for gene therapy is delivery. Ex vivo gene therapy has been explored 

in tissues that can be genetically manipulated in culture and then engrafted into the 

patient, but this approach has limited application in the adrenal cortex.203 For in vivo gene 

delivery, viral vectors are currently the most capable delivery approach: by 2021 89% of 

genetic therapeutics in development used viral vectors, and recombinant adeno-associated 

virus (rAAV) was the leading viral vector for gene delivery.204, 205 Non-viral approaches 

involving lipid nanoparticle (LNP) and RNA technology are developing rapidly and will 
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increasingly complement the power of viral vector-mediated gene transfer. Vectorology 

exploits the natural ability of a virus to introduce its own genome into a host cell, where 

the viral genes are removed and replaced with therapeutic genetic cargo, eliminating the 

ability for viral replication and infection: only the ability to deliver genetic cargo to cells 

remains. Common viruses that have been exploited for use in gene therapy are 

summarised (Table 1-3).  

 

A number of viral vectors have been used in gene therapy to package therapeutic 

machinery.147, 160 Simple retroviruses and lentivirus will integrate into the host genome, 

whereas herpes simplex virus and adenovirus are less likely to integrate. While adeno-

associated virus (AAV) genomes are generally episomal, random chromosomal 

integration can occur.206, 207 Retroviruses tend to establish a chronic infection however 

there is a risk of complications such as malignancy and immunodeficiency. Lentiviral 

vectors are a complex form of retrovirus and can infect non-dividing cells and can carry 

large gene cassettes (<8 kb).179 They also integrate preferentially into the coding region 

of genes.179 Lentivirus does not have specific tissue tropism and intravenous 

administration will lead to widespread delivery. To target an organ of interest it must be 

directly administered to that organ. In most haematopoietic stem cell applications, 

lentivirus is the vector of choice, and it is usually delivered to cells ex vivo.179  Herpesvirus 

vectors can persist in humans and have a capacity for a large therapeutic cassette, however 

entry into cells is complex which limits their application.147 Adenoviruses are efficient 

vectors for gene transfer; however, can lead to inflammatory and immune responses.165 

In the past, adenoviral vectors were the most commonly used, however their popularity 

is decreasing.178, 182 AAV is from the genera Dependovirus which is part of the 

Parvoviridae family.208 AAV was discovered in the 1960s and has no confirmed disease 
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associated with it.209, 210 AAV is predominantly non-integrating, using episomal DNA 

transfer and without the use of editing strategies, AAV gene delivery is limited to stable, 

non-dividing cell populations.179  
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Table 1-3 Viral vectors used in gene therapy. 

Virus type Coating Genome Mechanism Note Limitations 

Use in vector-

based gene 

therapies in 

development204 

Simple 

retrovirus 

Lipid-

enveloped 

ss RNA Retro-transcribed into linear ds DNA 

and integrated into host cell 

chromatin. Transduction requires 

target cell to undergo mitosis shortly 

after viral entry.147 

Chronic infection.  Target cells must 

undergo mitosis after 

viral entry. EG 

lymphocytes and 

haematopoetic 

progenitors.147 Latent 

disease eg malignancy 

(insertional 

mutagenesis)171, 174 

7.5% 

Lentivirus 

(complex 

retrovirus) 

Lipid-

enveloped 

ss RNA Target cell actively transports pre-

intergration complex into nucleus. 

Transduction of non-dividing cells 

possible.147 Integration into host 

genome.211 

Long term 

transgene 

expression.212 

Packaging capacity 

<8kb179 

30% 

Herpes 

simplex 

virus 

 ds DNA Large capacity >30kb.147 By deleting 

the genes for replication, HSV can 

mimic the latent state without 

reactivation.213 Episomal.  

Persistent latent 

state 

Complex attachment 

and entry into cells147. 

Episomal, lost after 

cellular division213.  

3.7% 

Adenovirus Capsid ds DNA Episomal and generally not integrated 

into host genome. Split into two for 

gene therapy: helper virus contains 

Inflammatory 

response 

Episomal, lost after 

cellular division. 

Intravenous injection 

13% 
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genes for replication. Therapeutic 

vector contains ITRS, gene of interest 

and packaging signals.147 Large 

capacity up to 35kb. High efficiency 

of transduction and able to transduce 

nondividing cells.182 

generally goes to 

liver, but direct 

injection into organs 

is possible147.  

Adeno-

associated 

virus 

(parvovirus) 

Capsid ds DNA Require helper virus for infection (eg 

adenovirus or herpesvirus).  

Episomal OR random chromosomal 

integration. Will transduce non-

dividing cells.147 

No proven human 

disease.205 

Emerging evidence 

that AAV2 may be 

associated with 

paediatric acute 

hepatitis.214-217 

Packaging capacity 

<5kb147.  

Neutralising 

antibodies if 

readministered. 

42% 

Other 

(including 

poxivirus) 

     3.8% 

Abbreviations: ss, single-stranded; ds, double-stranded; HSV, herpes-simplex virus. 
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1.5.2.1  Adeno-associated virus  
There has been a decline in the use of retroviral and adenovirus vectors in favour of 

recombinant adeno-associated viral (rAAV) and lentiviral vector-based therapy.182, 205 

Viral vectors were used in 89% of gene therapies in development, and of these, rAAV 

was the leading vector used for in vivo gene delivery.204 AAV is a small dependent 

parvovirus208 that has not been proven to cause disease in humans and in non-dividing 

cells is a stable vector for gene transfer in vivo.218, 219 Risk of adverse events increases 

with very high doses of rAAV which are often utilised when targeting organs outside of 

the liver, and in 2020 four children who received some of the highest human doses of 

rAAV as part of a trial for treatment of X-linked myotubular myopathy passed away after 

developing severe hepatobiliary disease as a result of the rAAV treatment.220, 221 Adverse 

events that have been associated with rAAV therapy include liver toxicity,222, 223 

thrombotic microangiopathy224 and dorsal root ganglion toxicity.221  

 

The structural components of wild-type AAV include an icosahedral protein capsid and 

a single stranded DNA genome that is 4.68 kb in size (Figure 1-8). The capsid has three 

viral protein subunits VP1, VP2 and VP3.208 Flanking the AAV genome are inverted 

terminal repeats (ITRs) which are T shaped structures that serve as the primers for DNA 

replication. Two main genes exist in the AAV genome: rep, and cap, located between the 

ITRs. The rep gene encodes proteins required for viral replication. There is no DNA 

polymerase or single-stranded DNA (ssDNA) binding protein in the AAV and thus these 

must be supplied by a helper virus208 such as adenovirus or herpes simplex virus.225 

Similarly, the cap gene encodes the three subunits of the capsid in open reading frame 

one (VP1, VP2 and VP3). Open reading frame two of the cap gene encodes the assembly-

activating protein (AAP), required for assembly of AAV.226, 227 There is a third gene 
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known as X that is in the 3’ end of the genome, within the cap sequence, and codes for a 

protein that has a supportive function in genome replication.228  AAV generally exists in 

a predominantly extrachromosomal state, although in some instances it may integrate into 

the genome to establish latency.229 In the absence of a helper virus, AAV establishes 

latency by integration into a specific site called AAVS1 on human chromosome 19.230 

Integration at AAVS1 is rep-mediated,231 and therefore should not occur with vectors that 

as they do not encode rep, although inefficient vector integration events may occur 

elsewhere in the genome.232  

 

Figure 1-8 Adeno-associated virus structure. 

Wild-type AAV genome consists of two genes, Rep and Cap. In recombinant AAV, the 

wild-type genome has been removed and replaced with a transgene and other regulator 

elements. Abbreviations: AAV, adeno-associated virus; ITR, inverted terminal repeats; 

pA, polyadenylation tail.  
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Recombinant AAV vectors have had most of their native genetic sequence removed, 

leaving only inverted terminal repeats (ITRs) which contain the cis-acting elements 

critical for rescue and replication from proviral plasmids and packaging of the 

recombinant genomic during vector production.205, 233, 234 Instead, the therapeutic cassette 

which, depending on the specific application, commonly includes the gene of interest and 

various regulatory genes such as promoter-enhancers and polyadenylation signals, may 

be cloned in its place. By removing the wild-type genome, the packaging capacity is 

maximised, and reduces the immunogenicity and cytotoxicity.205 The capacity of an AAV 

vector is approximately 4.5 kb.235  

 

While AAV is less immunogenic than adenovirus, neutralising antibodies will develop. 

As current immunomodulatory technology stands, rAAV treatment can currently only be 

administered once as subsequent development of neutralising antibodies renders further 

doses ineffective; pre-existing naturally acquired wild-type AAV antibodies also preclude 

treatment.236, 237 Some of the strategies undergoing investigation to permit immune 

tolerance include immune suppressive agents,238 engineering antibody resistance in 

capsids,239 and AAV-specific plasmaphoresis.240  Capsid engineering is thought to have 

the most promise in addressing this fundamental challenge.241 

 

A crucial advantage of rAAV over other vector types is that the rAAV2 genome can be 

cross-packaged into the capsid (protein shell) of numerous types of AAV, known as 

pseudo-serotyping. The capsid serotype determines the type of cells the vector enters and 

the efficiency with which the genetic material is delivered (efficiency of transduction).242, 

243 With appropriate capsid selection, parenteral administration of targeted treatment is 
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possible. Specific tissues may be targeted by naturally occurring AAV serotypes or AAV 

capsids that have been optimised.243 AAV capsids may be altered to change tissue tropism 

and allow transduction of cells that would not normally be targeted by AAV. Capsid 

development utilises both discovery of naturally occurring novel AAV in both humans 

and animals and by engineering novel capsids through structure-guided design or directed 

evolution.205 A limitation of AAV capsids in non-human species is that they may have 

less efficient transduction in human cells and this can only be established empirically.205, 

244  Directed evolution is a method to create new AAV vectors which overcomes 

insufficient knowledge of AAV molecular mechanisms.245 This utilises procedures such 

as multiple rounds of selection in vitro (recovering capsids from tissue of interest and 

then readministering), generating novel variants through error-prone PCR, by generation 

of chimeric capsids at random (capsid shuffling) or a combination of these methods.205, 

246-248 However, there are species differences in the response to AAV serotypes which 

have implications for preclinical experimental design. Specific tissue tropism and 

efficiency of cellular transduction in one species do not reliably predict the same tropism 

and efficiency in another species.244, 248 Immunological responses to various AAV 

serotypes may differ between different animal models and between animal models and 

humans.249-251 Furthermore, dose calculations based on animal models may not be 

appropriate for humans.252 As a result of species differences, animal models may not be 

the most reliable way to explore capsid tropism and AAV action. In preclinical disease 

modelling it may, therefore, be necessary to explore experimental AAV therapeutics 

either in animal models that have been engrafted with human cells248 or through the 

utilisation of donated human tissue and organs, otherwise unsuitable for transplantation, 

maintained on perfusion circuits ex situ.253  
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To produce recombinant AAV vectors, multiple plasmids are required: the gene of 

interest/transgene between two ITRs in cis (that is, on the same plasmid); the rep and cap 

sequences without the ITRs supplied in trans (separate plasmid), and a helper virus, such 

as adenovirus in trans (Figure 1-9).208, 234, 254, 255 These are used to transduce cell cultures 

which then produce the packaged recombinant AAV vector containing the gene of 

interest. To utilise genome editing technology that supplies a donor template and the 

tissue specificity of modified AAV capsids, two vectors are required: one, encoding the 

gene of interest packaged in the capsid of choice, and a second vector usually with the 

same capsid carrying user-defined programmable nuclease technology. The small 

packaging capacity of AAV means that when using a large gene of interest, these are 

unable to be packaged in the same unit. By administration of a vector containing the 

editing machinery and another vector containing the gene of interest, each packaged in 

capsids with specific tissue tropism, gene editing can be administered in a highly targeted 

fashion. 

 

Figure 1-9 Producing rAAV vectors.  

To produce a recombinant AAV vector, the transgene is provided in cis and the Rep and 

Cap genes are supplied in trans. A helper virus is required, as the plasmids are replication 

incompetent. Abbreviations: ITR, inverted terminal repeats; pA, polyadenylation tail; 

pAd, adenovirus plasmid; AAV, adeno-associated virus.  

 



 Chapter 1: Gene therapy and congenital adrenal hyperplasia 

  

56 

 

 

One caveat with the use of rAAV is that the vector genomes are predominantly extra-

chromosomal (episomal) and are lost in actively dividing cells such as during paediatric 

organ growth or in organs with rapid cellular turnover throughout life.219, 256 This may be 

overcome by stable, precise integration of genetic change into the host genome at a 

specific locus by the utilisation of genome editing techniques. 

 

1.5.3  Genomic editing 

Much of the early work in gene therapy utilised viral vectors for gene transfer. A 

limitation of gene addition using rAAV is that generally the transgene is not predictably 

or efficiently integrated into the host cell’s genome in its entirety and may be lost at the 

time of cellular replication.219 This is particularly important in the paediatric population 

where rapid growth through cell division is taking place,257 but cells of many organs 

continually turnover during the human life span, such as in the adrenal cortex. Genomic 

editing offers the potential to repair a native locus, retaining physiological gene 

expression with minimal risk of mutagenesis as the native endogenous enhancer-promoter 

elements are utilised. Various technological platforms based on programmable nucleases 

have been employed in order to enable loci-specific genomic editing including 

meganucleases, zinc-finger nucleases, and transcription activator-like effector 

nucleases.258, 259 These strategies have largely been superseded by the clustered regularly 

interspaced short palindromic repeat-associated nuclease Cas (CRISPR/Cas). 

CRISPR/Cas9 is a bacterial defence system and was found to be capable of being 

manipulated to target a DNA site of interest using short RNA guide sequences, a process 

which is far simpler than its predecessors in gene editing technologies.260, 261 Genome 

editing approaches are poised to supplant gene addition approaches with rapid progress 
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in CRISPR/Cas9-based gene editing technology.203 With gene editing strategies, the 

transgene is stably integrated into the host genome and will be passed on to daughter cells 

following cellular replication.  

 

1.5.3.1  CRISPR/Cas9 
The CRISPR/Cas system and its potential in programmable genome editing was 

described by Doudna and Charpentier in 2012261 resulting in a Nobel Prize for the authors 

in 2020.262 The CRISPR/Cas system facilitates RNA-guided double-stranded DNA 

cleavage with Cas proteins and originates as an immune defence mechanism for bacteria 

against viruses and plasmids.261, 263, 264 Shortly after its potential in genome editing was 

considered, the CRISPR/Cas ability to facilitate genome engineering in mammalian cells 

was demonstrated.265 Target recognition of the Cas9 protein requires the guide RNA and 

upstream protospacer-adjacent motif (PAM).260 The RNA guide strand pairs with the 

homologous site in the host genome, unzipping the nucleotides and allowing Cas9 to cut 

the DNA. When exploited for genome editing, the double stranded DNA cleavage occurs 

simultaneously in the host genome and the donor DNA template, creating blunt ends for 

repair.266  To repair the native locus, a DNA repair template is provided and is used by 

the host’s DNA repair mechanisms to repair the cut site and simultaneously introduce a 

site-specific modification into the host genome.267 CRISPR/Cas9 has the advantages of 

ease of customisation, high targeting efficiency and may be used to target multiple sites 

simultaneously.265  

 

1.5.3.2  DNA repair mechanisms 
By inducing targeted DNA double-strand breaks (DSBs), pre-existing cellular DNA 

repair pathways are activated which repair the break and at the same time integrate site-



 Chapter 1: Gene therapy and congenital adrenal hyperplasia 

  

58 

 

specific modification into the host genome.267 DNA repair mechanisms include non-

homologous end joining (NHEJ) or homology-directed repair (HDR) where the donor 

template has homology to the target site (Figure 1-10).265, 268, 269 Ligation of DNA ends 

through NHEJ is error-prone and may cause small insertions or deletions (indels) at the 

break site which can be exploited to disrupt pathogenic sequences.270 In the absence of a 

donor template, NHEJ can be used to introduce indels which disrupt the function of a 

gene resulting in gene silencing. HDR can be used to repair a pathogenic variant at either 

the endogenous locus or another region of the genome that is considered safe from 

insertional mutagenesis or disruption of resident gene function.271 HDR repair is limited 

to actively dividing cells.272  

 

HDR requires a unique set of reagents for each group of variants and risks eliminating 

residual function in a hypomorphic allele as not all double stranded DNA breaks will 

undergo repair.271, 272 Homology-independent targeted integration (HITI) overcomes the 

limitations of HDR limitation by using NHEJ and allows robust DNA modification in 

both dividing and non-dividing cells (Figure 1-11).273 
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Figure 1-10 DNA repair mechanisms.  

CRISPR/Cas9 introduces a double stranded break in DNA at a protospacer adjacent motif 

(PAM) site and is directed there using guide RNA. Repairing the cut with non-

homologous end-joining (NHEJ) is error prone and can result in small insertions and 

deletions (indels). Homology-directed repair (HDR) is more reliable as the cut site is 

repairs using a template with homology arms, however it is limited to actively dividing 

cells, risks knocking down a hypomorphic allele if repair does not occur and a separate 

set of reagents is required for each group of variants. Figure adapted from Ginn et al 

2021274 and reproduced from Graves et al 2023.275  
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Figure 1-11 Homology-independent targeted integration (utilises NHEJ).  

Homology-independent targeted integration (HITI) is not limited to the cell cycle as it 

utilises NHEJ, and the entire wild-type cDNA can be integrated under a native promoter, 

refunctioning the locus with a single cassette. The donor sequence is integrated into the 

host DNA at the cut site. If the donor sequence is integrated in the reverse orientation, the 

guide sequence and PAM sites realign, and further double stranded breaks occur until the 

template is integrated in the correct orientation. Figure adapted from Ginn et al 2021274 

and reproduced from Graves et al 2023.275  
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Guide RNA within the CRISPR/Cas9 complex ensures the host DNA is precisely cleaved 

between the guide sequence and the PAM site. Similarly, CRISPR/Cas9 creates DSB in 

the donor DNA. Using NHEJ, the donor sequence is the integrated into the host DNA, 

between the guide sequence and the PAM site. If the donor sequence is integrated in the 

reverse orientation, the guide sequence and PAM sites re-align, and CRISPR/Cas9 will 

cleave the donor sequence out again. If the donor sequence is integrated in the correct 

position, the guide sequence and PAM sites do not align, and no further cuts occur.266 

NHEJ is the major repair pathway in mammalian cells and therefore editing using this 

technique will occur at a relatively high frequency.270 However, this may be limited by 

the formation of undesirable indels. HDR strategies are precise however they are reliant 

on the target cell undergoing mitosis and occurs at lower frequencies.  

 

Other editing strategies include single homology arm donor mediated intron-targeting 

integration (SATI) which is a combination of HDR and NHEJ,276 precise integration into 

target chromosome (PITCh) which can be used in non-dividing cells using micro-

homology-mediated end-joining.277, 278 The efficiency of an editing technique is 

dependent on the DNA repair process used. Editing techniques which do not induce a 

break in the DNA include base editing which introduces precise point mutations279 and 

prime editing which allows targeted insertion, deletion or replacement of a single 

nucleotide through the delivery of RNA reagents, without the need for a repair 

template.280 However, these strategies are not generalisable to all causative mutations in 

CAH.    

 

By utilising robust editing technology with efficient DNA repair in the right target cell, a 

durable therapeutic effect may be expected.  

 



 Chapter 1: Gene therapy and congenital adrenal hyperplasia 

  

62 

 

1.6  Gene therapy and the adrenal cortex 

1.6.1  Gene therapy studies for CAH to date 

Gene therapy for CAH is conceptually appealing, however there is a paucity of 

adrenocortical gene therapy studies (Table 1-4). All studies thus far have utilised a gene 

addition strategy, and none has proven durability beyond the adrenocortical cellular 

turnover period.  
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Table 1-4 Published adrenocortical gene therapy studies to date.  

Year  Species Vector and delivery Outcome – phenotype Outcome – molecular  

1999 
281 

Mouse Adenovirus with 

human CYP21A2 

cDNA 

Intra-adrenal 

Improvement in adrenal cortex ultrastructure 7 

days after treatment.  

Plasma corticosterone increased to wild-type 

levels by days 7-14, but declining over next 40 

days. 

Highest mRNA expression day 2-7 then gradual 

decline. 

In vitro 21-hydroxylase activity in adrenals 

harvested from treated mice increased from 

undetectable to levels found in wild-type mice 2-

7 days after treatment. 

2016 
282 

Mouse Retrovirus with 

murine Cyp21a1 

cDNA 

Tail fibroblasts 

transduced in vitro 

and then implanted 

subcutaneously 

Statistically insignificant reduction of serum 

progesterone/deoxycorticosterone ratio at 4 

weeks in 4/6 mice (increase in 2/6) 4 weeks after 

treatment 

 

2016 
282 

Mouse AAV2 with murine 

Cyp21a1 cDNA 

intramuscular 

Statistically insignificant reduction in serum 

progesterone/deoxycorticosterone ratio at 4 

weeks after treatment.  

Single mouse monitored to 7 months where 

serum progesterone/deoxycorticosterone 

remained low.  

Cyp21a1 weak expression in thigh muscle, heart 

and liver.  

2017 
283 

Mouse AAVrh10 with 

human CYP21A2 

cDNA 

intravenous 

Increased body mass after treatment. Reduced 

urine progesterone by 5 weeks, for at least 15 

weeks.  

CYP21A2 expression detected in adrenals and 

weakly in heart.  

Improved expression of renin, Mc2r, Prkar2a, 

Sf1, Star, Cyp17a1 and Cyp11b2 genes. 
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2018 
284 

Mouse AAVrh10 with 

human CYP21A2 

cDNA 

Intravenous 

Serum progesterone and ACTH normalised to 

wild-type levels from 2-8 weeks, and then 

increased to pre-injection levels by 32 weeks. 

CYP21A2 expression was highest at 2 weeks then 

waned over time to 32 weeks. Liver had 

substantial CYP21A2 expression at 32 weeks. 

CYP21A2 expression also waned over a similar 

time period in immunodeficient mice, indicating 

loss of transgene was not due to immune 

responses to the vector/transgene. 

2022 
285 

Mouse AAV9 with human 

CYP11B1 cDNA 

Intra-adrenal 

Statistically significant improvement but not 

normalisation in serum deoxycorticosterone-to-

corticosterone ratio, 4 weeks after treatment. 

Two mice were monitored to 4 and 5 months 

post-treatment with persistence of effect, 

although the ratio started to increase again from 

2 months post-treatment. 

Cyp11a1 expression in the adrenal was increased 

in the vector treated Cyp11b1 knockout mice 

compared to wild-type. Even with vector 

treatment, Cyp11b1 expression in the adrenal was 

markedly lower than wild-type.  

Studies published 1999-2018 used the same 21-hydroxylase deficient mouse model C57BL/10SnSlc-H-2aw18, which develops elevated 

progesterone rather than 17OHP as the murine adrenal lacks Cyp17a1 expression 286. The 2022 study created a mouse model for 11-beta 

hydroxylase deficiency by knocking down Cyp11b1 function using CRISPR/Cas9, which developed elevated deoxycorticosterone 285. The 21-

hydroxylase gene is expressed as CYP21A2 for human origin, Cyp21a1 for murine. The 11 beta hydroxylase gene is expressed as CYP11B1 for 

human and Cyp11b1 for murine. Reproduced from Graves et al, 2023.25
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1.6.1.1  Murine studies 
The 21-hydroxylase deficient mouse model (C57BL/10SnSlc-H-2<aw18>; Cyp21a1-/-) 

used in pre-clinical adrenocortical gene therapy studies, has elevated progesterone levels 

rather than 17-hydroxyprogesterone, due to lack of 17-hydroxylase expression in the 

murine adrenal.286, 287 The first attempt at gene therapy for CAH was in 1999 where an 

adenovirus vector containing human CYP21A2 was directly injected into the adrenal 

glands of Cyp21a1-/- mice and resulted in improvement in adrenal morphology and 

increased plasma corticosterone. The effect was brief, and corticosterone concentrations 

declined over 40 days.281 Wild-type adenovirus infection and adenoviral-mediated gene 

transfer may interfere with adrenocortical function as adenoviral vectors are more pro-

inflammatory than rAAV, with vigorous stimulation of the innate immune response.288 

Furthermore, intra-adrenal injections are invasive, with a high mortality rate in the mouse 

model,289 and less invasive parenteral injection is desirable.  

 

Transduction of adrenocortical cells using a systemic intravenous injection of human 

CYP21A2 packaged in an AAVrh10 capsid in male and female Cyp21a1-/- mice reduced 

urine progesterone for at least 15 weeks, and improved the expression of Mc2r, Sf1, Star, 

Cyp17a1 and Cyp11b2 in the adrenal and Ren1 in the kidney.283 Despite very low vector 

genome copies (vgc), a measurement of vector-derived DNA in the host tissue, in the 

mouse adrenals at 15 weeks (0.13 +/- 0.09 vgc per cell), the therapeutic effect was still 

present.283 A subsequent rAAV gene therapy study used female mice alone, which have 

a more rapid adrenocortical cellular turnover than males.27 It was demonstrated that the 

effect from intravenous administration of their AAVRh10-CYP21A2 vector on serum 

progesterone was transient, lasting only 8 weeks.284 Perhaps the durability of effect seen 

in some studies is due to the use of male animal subjects with slower adrenocortical 
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turnover or transduction of stable cells outside of the adrenal cortex. The use of a 

ubiquitous promoter means that it is plausible that the transgene could be expressed by 

any cell that is transduced including in extra-adrenal sites, such as liver and muscle, hence 

it is difficult to ascertain if the study results were exclusively due to adrenal 21-

hydroxylase expression.   

 

One way to overcome rapid adrenocortical cellular turnover is the use of stable extra-

adrenal tissue to gain 21-hydroxylation function.290 Two strategies have been tested using 

Cyp21a1-/- mice: the first strategy was to auto-transplant primary tail fibroblasts 

transduced in vitro with an AAV2 vector containing murine Cyp21a1 into subcutaneous 

tissue, and the second strategy was to inject rAAV2-Cyp21a1 vector directly into thigh 

muscle. Due to small numbers of mice used, neither strategy produced statistically 

significant results, however in both, there was a trend to reduced progesterone levels 

during the 4-week study period, indicating extra-adrenal 21-hydroxylation may be 

possible.282 A single mouse was studied for 7 months and there was a durable effect after 

intramuscular vector administration.282 Although the vector was injected intramuscularly, 

vector DNA was detected in liver and cardiac muscle indicating that the extra-adrenal 21-

hydroxylation may not have been from the thigh muscles alone. Despite initial indicators 

of success with ectopic expression, in a later study by the same group, they moved away 

from intramuscular administration. A mouse model for 11-beta hydroxylase deficiency 

was created using CRISPR/Cas9 to knock down Cyp11b1 function, and these mice were 

subsequently treated with unilateral intra-adrenal injection of a rAAV vector containing 

human CYP11B1 with a ubiquitous promoter packaged in either AAV2 or AAV9.285 

Statistically significant reduction in the serum deoxycorticosterone-to-corticosterone was 

achieved using the AAV9 capsid serotype from 4 weeks post treatment (n=4) and 
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persisted up to 5 months after treatment (n=1). There was no effect using the AAV2 

serotype.285 Why AAV9 and AAV2 serotypes were chosen is unclear, as the AAVRh10 

serotype transduces adrenocortical cells more efficiently than AAV9.284 Moreover, the 

applicability to the human clinical context is unclear, as an invasive delivery strategy 

which is undesirable was used despite previous studies showing effective delivery of 

vector to the adrenal using intravenous administration.283, 284  

 

There have also been early gene therapy studies aiming to introduce expression of suicide 

genes in adrenocortical tumours. Using a herpes simplex virus vector, a CYP11B1 

promoter was found to be specific in targeting adrenal tissue,291 although CYP11B1 is 

only expressed in the zona fasciculata and not in the zona glomerulosa.   

 

While in the following study the adrenal was not the target organ, adrenal cell genomes 

have previously been shown to have been edited. Adrenoleukodystrophy is a genetic 

condition due to a mutation in the ABCD1 gene which results in multi-organ pathology. 

A pre-clinical genomic editing study used rAAV9 to deliver editing machinery in a mouse 

model for adrenoleukodystrophy at a dose of 1×1012 vg/mouse (total vector which 

included both the CRISPR/Cas9 vector and the donor vector, but the ratio of each vector 

was not described). Serotype rAAV9 was chosen for the ability to transduce both the 

central nervous system and the liver. AAV9-CRISPR/Cas9 delivered systemically 

resulted in 7% indels in the liver and 1% indels in the adrenal gland, but indels were not 

detected in other organs. The HITI cassette was detectably integrated in the adrenal gland. 

Using two rAAV9 vectors to deliver CRISPR/Cas9 and a HITI repair cassette 

systemically, the ABCD1 gene was edited in both the liver and adrenal.292 While this study 
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is the first to demonstrate in vivo editing of the murine adrenal, adrenal editing was not 

its main goal and the study did not account for the adrenocortical turnover.  

 

1.6.1.2  Non-human primate studies 
While there are no published studies using non-human primates (NHP) for adrenocortical 

gene therapy, preliminary data have been presented at scientific meetings. To determine 

the most effective rAAV capsid serotype  for gene delivery, NHP were administered 

CYP21A2 cDNA packaged in either AAV1, AAV5 or AAV6, and these were given intra-

adrenally or intravenously (International Patent no. WO 2019/143803 A1).293 CYP21A2 

cDNA packaged in capsid serotype AAV5 resulted in the highest vector presence 

(determined by vgc) in the adrenals from both administration methods, and subsequent 

studies used this capsid serotype. Why these three specific serotypes were initially chosen 

is unclear, as capsid technology has evolved such that unique capsid serotypes have been 

developed that can target relatively specific cell populations with high tropism and there 

are now innumerable capsids available with the rapid expansion of the capsid engineering 

field.294-296 NHP (21-hydroxylase sufficient) received rAAV5-CYP21A2 with a 

ubiquitous promoter.297 Vector DNA in the adrenal tissue waned over time. Two animals 

were studied to 24 weeks, one male and one female. While the sex of these animals was 

not specified, one had a low vector copy count at 24 weeks (3vgc/cell) and one had a 

relatively higher count (13vgc/cell). There was more vector DNA and higher transgene 

expression in the liver than the adrenal, which is expected when using rAAV5 with a 

ubiquitous promoter, as most AAV serotypes target hepatocytes. The adult liver is a 

relatively stable organ and episomal gene therapy will persist, unlike the growing 

paediatric liver.257, 298, 299 
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1.6.1.3  Human clinical trial  
A phase I/II human clinical trial is now underway where adult patients with 21-

hydroxylase deficiency are administered an intravenous infusion of a rAAV5-CYP21A2 

with a ubiquitous promoter (NCT04783181). The first human subject was treated in early 

2022 and by January 2024 a total of seven adults had been treated, with one treated subject 

reportedly improving their serum cortisol from 105 nmol/L to 235 nmol/L.300 Results of 

this study are not yet available. While it is expected that this rAAV therapy will have 

some effect, the duration of effect is uncertain, and there is some hesitancy regarding the 

potential prematurity of this trial.143 If a durable effect is seen, it could be related to extra-

adrenal transduction and expression of 21-hydroxylase, and it will be difficult to ascertain 

the source of 21-hydroxylation in human subjects.  

 

1.6.2  Adrenocortical biology hinders standard AAV-based 
gene therapy 

Thus far, no adrenocortical targeting gene therapy has shown durability of effect beyond 

the cellular turnover period. Episomal gene therapy used in the adrenal cortex will be 

transient due to the adrenocortical cellular turnover as the vector DNA will not replicate 

during cell division. Furthermore, differentiated adrenocortical cells apoptose without 

significant cellular replication and thus even the CYP21A2 locus was directly repaired in 

differentiated cells this would only provide a transient effect. To overcome this, the 

genome of the adrenal progenitor cells must be repaired, to ensure daughter cells maintain 

the correction. CRISPR/Cas is one technological platform that could achieve this.260, 265 

There are several editing techniques with various applications including homology 

directed repair (HDR),271 homology-independent targeted integration (HITI),273 single 

homology arm donor mediated intro-targeting integration (SATI),266 precise integration 
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into target chromosome (PITCh),278, 301 and non-CRISPR based strategies including base 

editing302 and prime editing.280 The major limitation is that the progenitor cells have not 

yet been adequately defined and without accurate methods to identify these cell 

populations it is difficult to establish which rAAV serotypes (if any) can deliver editing 

machinery to adrenal progenitor cells with any certainty.  

 

The 21-hydroxylase pseudogene (CYP21A1P in the human and Cyp21a2-ps in the mouse) 

creates an added complication due to high homology with the active gene, with 98% 

exonic and 96% intronic homology.73 As a result, the target protospacer adjacent motif 

(PAM) sequence chosen as the cut site in a CRISPR/Cas strategy must not also cause a 

double stranded break in the pseudogene. As the CYP21A2 gene at 6p21.3 is within 30 

kb of CYP21A1P,136 a cut in both sites could induce a large deletion and/or genomic 

rearrangements. Therefore, potential PAM sites are limited to those that are unique to 

CYP21A2. There are over 300 known variants in CYP21A2 listed in the Human Gene 

Mutation Database (HGMD, http://www.hgmd.cf.ac.uk) spanning all 10 exons. 

Therefore, the editing strategy chosen is important: HDR is limited to actively dividing 

cells, has relatively low editing efficiency and requires a unique set of reagents for each 

group of variants.271, 272 Furthermore, not all double stranded breaks induced will undergo 

repair and risks eliminating any residual function of a hypomorphic allele if the strand 

break is exonic. These limitations can be overcome by using the HITI strategy which is 

dependent on DNA repair by NHEJ.273 The CYP21A2 open reading frame is 

approximately 1.5 kb,89 compatible with packaging into the rAAV genome backbone 

which has a capacity of 4.7 kb. With HITI, a strategy could be developed whereby a 

double stranded DNA break is induced deep in a non-coding sequence such as an intron 

and the entire wild-type CYP21A2 open reading frame is integrated downstream of the 

http://www.hgmd.cf.ac.uk/
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endogenous CYP21A2 promoter, treating all pathogenic variants that occur distal to the 

insertion site. Alternatively, mutations upstream of the insertion site could also be treated 

by introducing termination of the upstream cistron and expressing the entire wild-type 

CYP21A2 cDNA for example from a downstream cistron using an internal ribosome entry 

site.  

 

Although the adrenal cortex shares properties such as high relative blood flow and 

fenestrated vascular endothelium with the liver that make it highly amenable to gene 

delivery,6, 7, 303 the predilection of rAAV to transduce hepatocytes is a challenge in 

adrenal-targeting gene therapy. Without liver de-targeting, much higher doses of vector 

may be required to ensure adequate amounts reach the adrenal cortex. This entails a 

greater risk of AAV-associated adverse events such as liver toxicity,222, 223 thrombotic 

microangiopathy224 and dorsal root ganglion toxicity221.  

 

AAV vectors used in parenterally administered adrenocortical gene therapy have used the 

capsids AAVrh10283, 284 and AAV9284 in mice, AAV5 and AAV8 in rats,304 and AAV5 in 

cynomolgus monkeys.297 However, none of these studies has proven tropism for the 

adrenocortical progenitor cells through either anatomical demonstration of transduction 

of the capsule or subcapsular zona glomerulosa, or integration into the progenitor cell 

genome through durability of effect beyond adrenocortical cell renewal. While lentiviral 

vector systems may have the capacity for stable integration in adrenocortical 

stem/progenitor cells, this system is limited by the need to administer the therapy directly 

to the adrenal cortex through a surgical procedure (with 88% fatality when attempted in 

a mouse model289) as systemic delivery results in a generalised cellular transduction, 

increasing the risk of off target effects. Thus, AAV is the delivery system of choice as 
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administration can be parenteral while delivering cellular specificity. Identification of the 

progenitor population, however, is required for further technological development in this 

area. Furthermore, the liver sequesters a substantial fraction of systemically delivered 

vector which is a challenge in adrenal-targeting gene therapy. Liver de-targeting is 

required to allow lower doses of vector to be used and still ensure adequate amounts reach 

the adrenal cortex. If high doses are required, there is a greater risk of adverse events such 

as liver toxicity,222, 223 thrombotic microangiopathy224 and dorsal root ganglion toxicity.221 

 

1.7   Adrenal cortex single cell transcriptome  

Single cell RNA sequencing is a relatively new technology that allows individual cell 

transcriptomic pattern detection in a dissociated tissue sample. This technology  provides 

new insights into the complexity of biological tissues by the identification and 

characterisation of RNA expression at a single cell resolution. It can be used to identify 

heterogeneity between single cells in the same tissue and isolate rare cell populations.305 

A small number of  studies  have examined the single cell transcriptomic pattern in the 

murine or human adrenal cortex306-310 and more  have examined the medullary 

compartment. This technology may be applied to identification of subpopulations within 

a single tissue. During a study examining the transcriptional effect of chronic stress 

exposure on the hypothalamic-pituitary-adrenal axis, a new subpopulation of 

adrenocortical cells involved in stress response were found that expressed Abcb1b+.306 

Following chronic stress, the adrenal glands became larger and underwent distinct cellular 

population changes including increased zona fasciculata cells and decreased zona 

glomerulosa cells.306 The zona fasciculata cells are responsible for corticosterone 

production in the mouse, the major glucocorticoid involved in the stress response. 
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Furthermore, after exposure to chronic stress, a large number of genes were down 

regulated in the adrenal, whereas chronic stress induced gene upregulation in the 

hypothalamus and pituitary.306 The subpopulation of expanded zona fasciculata cells 

expressed Abcb1b, Sbsn and Srd5a2. In humans, ABCB1 is also upregulated in Cushing 

syndrome adrenal samples.306  

 

It is important to note that there are sex differences in the adrenal cortex and this was 

demonstrated with increased expression of IGKC, IGHG4 IGLC2, and IGHG1 in a human 

female adrenal sample compared with the male.307 This group also found variations in 

gene expression between left and right human adrenals with the right side having higher 

CYP11B2 expression compared to the left, indicating a possible variation in aldosterone 

production between the glands.307  

 

Single cell transcriptomic analysis has been applied to the developing adrenal gland, and 

while the primordial cortex was identified and analysed at different pre-natal timepoints, 

the focus of the study was on the developing adrenal medulla.308 

 

A subpopulation of cells expressing RSPO3, COL1A2, NR2F2 and ID1 were identified to 

be located within and just deep to the adrenal capsule.309 RSPO3 and COL1A2 are markers 

for the adrenal capsule. NR2F2 is expressed by adrenal capsular cells as well as stromal, 

endothelial and smooth muscle cells.27, 311 The same cells also expressed ID1309 which is 

a known marker of various mesenchymal stem cells.312 This cluster is postulated to 

include capsular adrenocortical stem cells which have not previously been identified in 

single cell RNA sequencing. While Nr2f2 expression has been demonstrated in the 
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murine adrenal capsular cells,27 this is the first time NR2F2+ stem cells have been 

identified in adult human adrenal glands.309  

 

The elusive progenitor cell population has not yet been reliably identified by any method. 

However, some gene expression pattern is known: these cells express SHH, NR5A1 and 

CTNNB1.23 Single cell transcriptomic analysis could be a potential methodology that 

allows the identification of this cell population. By combining this technology with high-

throughput barcoded rAAV capsid libraries, rAAV capsid serotypes that  transduce 

specific cell populations could be identified.313  

1.8   Conclusion  

CAH is a potentially devastating disease, and current therapies are inadequate. Genome 

therapy has the potential to provide a robust curative treatment for CAH, although current 

limits in knowledge of the adrenal progenitor cell system preclude its use as a durable 

treatment. There are no published attempts to target the adrenocortical stem or progenitor 

population in genetic therapy for monogenic adrenal disorders, nor have genome editing 

strategies been attempted in the adrenal cortex.  

 

By using robust gene editing machinery with CRISPR/Cas9 and exploiting AAV capsid 

technology with specificity to target adrenal progenitor cells, it may be possible to 

integrate the transgene stably into the genome of the adrenocortical progenitor cells, 

providing permanent correction of P450c21 function, and other monogenic adrenal cortex 

disorders. A future dominated by genome therapy is within sight and it is imperative that 

endocrinologists gain a deep understanding of this technology to further exploit  its full 

potential.  
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1.9  Hypothesis and Aims 

Hypothesis 1: That the limitations imposed by adrenocortical cellular turnover can be 

overcome by an AAV-based gene therapy that delivers adrenocortical enzyme DNA to a 

population of cells external to the adrenal gland. As, in the presence of 21-hydroxylase 

deficiency, the steroid precursor (progesterone in mice, 17OHP in humans) is elevated in 

the systemic circulation, such that it will be available to all organs.  

Aim 1: To develop a gene therapy approach to treat congenital 
adrenal hyperplasia which overcomes the intrinsic limitations 
of the adrenal cortical cellular turnover by delivering 
adrenocortical gene expression extra-adrenally.  

 

Hypothesis 2: That rAAV with tropism for the adrenal cortex is discoverable from the 

large repository of rAAV capsids that have been identified or engineered, and that 

adrenocortical progenitor cells can be identified on single cell RNA sequencing using the 

expression pattern Nr5a1+, Shh+, Ctnnb1+, Cyp11b2-, Cyp11b1- when cells with a low 

number of expressed genes are not excluded from analysis.  

Aim 2: To develop a strategy to determine capsid tropism for 
the adrenal cortex.  

Part A. To determine the optimal rAAV capsid serotype from a 
defined set of known serotypes for gene delivery to the adrenal 
gland.  

Part B. To compare the single cell transcriptome of wild-type and 
21-hydroxylase deficient mouse adrenal glands and to identify 
potential progenitor cell populations. 
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Hypothesis 3: That the adrenal cortex is amenable to rAAV-mediated delivery of editing 

machinery in order to correct the mutant Cyp21a1 locus due to its high blood flow relative 

to organ size6 and fenestrated endothelium7. While this technique would likely be 

transient unless the capsid was able to transduce the progenitors in addition to the 

differentiated cells, it could potentially demonstrate one strategy to edit the adrenal cortex 

which could then be re-packaged into an appropriate capsid once discovered. 

Aim 3: To stably integrate new genetic material into the 21-
hydroxylase locus in 21-hydroxylase deficient mice using a 
homology-independent-targeted integration genomic editing 
strategy.  

 

 

 

 

 

This thesis sets the foundation for overcoming the biological properties of the adrenal 

cortex that renders standard rAAV gene therapy for CAH unsuitable, through delivering 

adrenocortical genes to a stable organ outside the adrenal, developing strategies to 

determine capsid tropism for the adrenocortical cells and successfully editing the 

Cyp21a1 locus with biological effect.  
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Chapter 2 
 

 

Materials and Methods 

 

2.1  Materials 

2.1.1  Chemicals and reagents 

Chemicals and reagents used in this project are listed (Table 2-1). All were of analytical 

grade or higher. 

 

Table 2-1 Chemicals and reagents.  

 Source 

General 

Agar  Scharlau  

Agarose Meridian Bioscience 

Ammonium acetate  Sigma-Aldrich  

15N Ammonium chloride  Sigma-Aldrich  

Ampicillin sodium salt  Astral Scientific  

Benzonase  Sigma-Aldrich  

Caesium chloride Invitrogen  

Calcium Chloride  Sigma-Aldrich  

Chloroform  VWR  

Chloroform:Isoamyl alcohol 24:1 (v/v)  Sigma-Aldrich  

CutSmart Restriction Enzyme Buffer  New England Biolabs  

Dimethylsulphoxide (DMSO)  Sigma-Aldrich  

Disodium phosphate  Sigma-Aldrich  

DNA Loading Buffer 6×  New England Biolabs  

DNase I  Sigma-Aldrich  

dNTPs 10 mM  Bioline  

Dithiothreitol (DTT ) Sigma-Aldrich  
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Ethylenediaminetetraacetic acid (EDTA ) Chem Supply  

Ethanol 100% (v/v)  EMSURE  

Ethanol 70% (v/v)  POCD  

Foetal bovine serum (FBS) Bovogen Biologicals 

Glycerol  Chem Supply  

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Astral Scientific  

Hydrochloric acid  Merck  

Hyperladder 1 kb Bioline 

Hyperladder 50 bp Bioline 

Isopropanol  Univar  

Kanamycin Sulphate  A. G. Scientific  

Magnesium acetate  Sigma-Aldrich  

Magnesium Chloride  Sigma-Aldrich  

Methanol  POCD Healthcare  

MyTaq Red Mix 2× Bioline 

N-acetyl-L-glutamate  Sigma-Aldrich  

NEBuffer r2.1  New England Biolabs  

Neutral buffered formalin 10% (v/v)  Sigma-Aldrich  

Paraformaldehyde  Sigma-Aldrich  

Phosphate buffered saline tablets  MP  

Phenol:Chloroform:Isoamyl alcohol 25:24:1 (v/v/v)  Sigma-Aldrich  

Polyethylene glycol (PEG) 800  Sigma-Aldrich  

Protease Inhibitor Cocktail  Roche  

Proteinase K  Roche  

PureLink DNase  Invitrogen  

PureLink RNase A  Invitrogen  

Q5 High-Fidelity DNA Polymerase + Buffer  New England Biolabs  

RedSafe Nucleic Acid Staining Solution  INtRON Biotechnology  

Restriction Enzyme Buffer 3.1  New England Biolabs  

Restriction enzymes  New England Biolabs  

Sodium Chloride  Sigma-Aldrich  

Sucrose  Chem Supply  

T4 DNA ligase + Buffer  New England Biolabs  

Taq DNA polymerase  New England Biolabs  

ThermoPol Buffer New England Biolabs 

Trisaminomethane (Tris)  Chem Supply  

Triton X-100 Sigma-Aldrich 

Trizol Reagent  Ambion  

Tryptone  Sigma-Aldrich  

UltraPure H2O  Sigma-Aldrich  

Yeast Extract  Scharlau  

β-mercaptoethanol  
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Cell culture 

Dulbecco’s Modified Eagle’s Medium (DMEM)  Sigma-Aldrich  

Iscove's Modified Dulbecco's Medium (IMDM)  Sigma-Aldrich  

Phosphate Buffered Saline (PBS) without calcium and 

magnesium  
Sigma-Aldrich  

Trypan blue solution (0.4% w/v)  

Trypsin/EDTA 0.05% (v/v)  Sigma-Aldrich  

Immunohistochemistry 

4’-6-Diamidino-2-phenylindole dihydrochloride (DAPI)  Sigma-Aldrich  

Donkey serum  Sigma-Aldrich  

Goat serum Sigma-Aldrich 

Immu-Mount  ThermoFisher  

Tissue-Tek Optimal Cutting Temperature (O.C.T) Compound  Sakura  

Tween 20 Sigma-Aldrich 

qPCR, ddPCR and dPCR  

2 × TB Green Premix Ex Taq  TAKARA  

QX200 EvaGreen Supermix  BioRad  

3 × QIAcuity EvaGreen Mastermix Qiagen 

Pharmacological agents for mice 

Corticosterone Sigma 

Dexamethasone 
Ilium Veterinary 

Products 

Fludrocortisone Sigma 

Isoflurane Abbott Australia  

Water for injection Baxter 

 

2.1.2  Buffers and solutions 

Prepared buffers and solutions are listed (Table 2-2). Solutions were made up in Milli-Q 

water unless otherwise stated. Solutions were stored at room temperature unless 

otherwise stated.  

 

Table 2-2 Buffers and solutions.  

 Composition 

General 

Agarose gel 1% - 3% (w/v) Agarose in 1 × TBE 

Ammonium acetate 10M 
77 g ammonium acetate in 100 mL H2O. Filter 

through 0.22 µm membrane. 
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DNA lysis buffer 
10 mM Tris-Cl (pH 8), 0.1 M EDTA (pH 8), 0.5% 

SDS 

Genotyping digestion buffer 
5 mM EDTA, pH 8, 200 mM NaCl, 100 mM Tris, 

pH 8, 0.2% sodium dodecyl sulfate (SDS) 

LB Agar 
LB media containing 1.5% (w/v) Bacto-agar. 

Autoclaved. Antibiotic added before use. 

Lysis buffer 

0.5% (v/v) Triton-X100, 10 mM HEPES, Protease 

Inhibitor Cocktail. Filter through 0.22 µm 

membrane. 

Lysogeny broth (LB) media 
1% (w/v) Bacto-tryptone, 0.5% (w/v) Bacto-yeast 

extract, 1% (w/v) NaCl. Autoclaved. 

Paraformaldehyde (PFA) 4% 

(w/v)  

4% (w/v) Paraformaldehyde powder in 1 × PBS. 40 

g Paraformaldehyde powder per 1 L. Raise pH by 

dropwise addition of NaOH until clear solution is 

formed. Store at -20°C. 

Phosphate Buffered Saline (PBS) 
1 PBS (no Ca2+, no Mg2+) tablet per 100 mL milliQ 

H2O 

TBE 5× 

54 g Tris base, 27.5 g Boric acid, 10 mM EDTA 

pH 8.0 in 1 L dH2O. Dilute 1 in 10 for working 

solution containing 45 mM Trisborate, 1 mM 

EDTA. 

TBE 1× 1 in 5 dilution of 5 × TBE in H2O. 

TE (10%) 

Tris 0.061 g (final conc 1 mM,) EDTA 0.019 g 

(final conc 0.1 mM). Make to 500 mL with milliQ 

water after adjusting to pH 8. Autoclav. 

Cell culture  

Growth Media 

DMEM + 10% (v/v) heat-inactivated FBS. Filter 

through 0.22 μm membrane and keep sterile. Store 

at 4°C 

Maintenance Media 
DMEM + 2% (v/v) heat-inactivated FBS. Filter 

through 0.22 μm membrane and keep sterile. Store 

at 4°C 

Transfection Media 
IMDM + 10% (v/v) heat-inactivated FBS. Filter 

through 0.22 μm membrane and keep sterile. Store 

at 4°C 

Viral production 

Benzonase Buffer  
50 mM Tris and 2 mM MgCl2 in H2O, pH pH 8.5. 

0.22 μm filter. 

Calcium chloride 1 M 1 M CaCl2 in H2O. Autoclave. 

Calcium chloride 2 M 2 M CaCl2 in H2O. Autoclave. 

Caesium Chloride solutions  
1.5 g/mL or 1.37 g/mL or 1.3 g/mL CsCl in PBS. 

0.22 μm filter. 

Dialysis buffer  
PBS supplemented with 0.1 g/L CaCl2 and 0.1 g/L 

MgCl2. Prepare fresh. 
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Dialysis buffer with Glycerol  
PBS supplemented with 0.1 g/L CaCl2, 0.1 g/L 

MgCl2, and 5% (v/v) glycerol. Prepare fresh. 

HEPES/EDTA resuspension 

buffer  

50mM HEPES, 0.15M NaCl, and 25 mM EDTA in 

H2O, pH 7.40. 0.22 μm filter. 

HEPES-Buffered Saline (HBS) 

2× 

280 mM NaCl and 50 mM HEPES in H2O, pH 

7.10. Autoclave. 

Na2HPO4 0.15 M  0.15 M Na2HPO4 in H2O, pH 7.10. Autoclave. 

PEG 40% (w/v) in 2.5 M NaCl  
40% (w/v) Polyethylene glycol 800, 2.5 M NaCl in 

H2O. 0.22 μm filter. 

Transfection solution A (per 10 

cm tissue culture dish) 

15 µg Plasmid DNA, 62.5 µL 2 M CaCl2 made up 

to 500 µL 10% TE 

Transfection solution B (per 10 

cm tissue culture dish) 
54.5 mL 2× HBS, 550 µL 0.15 M Na2HPO4 

Immunohistochemistry 

10% sucrose (w/v) 
10% (w/v) sucrose in PBS. 0.22 μm filter. Store at 

4°C. 

20% sucrose (w/v) 
20% (w/v) sucrose in PBS. 0.22 μm filter. Store at 

4°C. 

30% sucrose (w/v) 
30% (w/v) sucrose in PBS. 0.22 μm filter. Store at 

4°C. 

ddPCR 

Alkaline digestion buffer 
1.25 mL of 1 M NaOH, 20 μL of 0.5 M EDTA, 

48.73 mL H2O. 

Neutralisation buffer 
2 mL of 1 M Tris, 25 μL of Tween 20, make up to 

50 mL with H2O. pH 5, store at 4°C. 
 

2.1.3  Kits 

Commercial kits used are listed (Table 2-3).  

 

Table 2-3 Kits.  

Item Source 

AllPrep DNA/RNA Micro kit Qiagen 

Isolate II Plasmid Mini Kit Bioline 

Mouse/Rat ACTH SimpleStep ELISA Kit Abcam 

NucleoBond Xtra Maxi Kit Macherey-Nagel  

NucleoBond Xtra Midi Kit Macherey-Nagel  

On-column PureLink DNase treatment Invitrogen 

pGEM-T Easy Vector System I  Promega  

PureLink RNA Mini Kit  Invitrogen  
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QIAcuity EG PCR Kit Qiagen 

QIA Shredder Kit Qiagen 

Qubit BR dsDNA Assay Kit  Invitrogen  

Superscript IV First Strand Synthesis System Invitrogen 

TURBO DNA-free Kit Invitrogen 

Wizard SV Gel and PCR Clean-Up System  Promega  

 

2.1.4  Antibodies 

Antibodies used for immunohistochemistry are listed (Table 2-4). 

 

Table 2-4  Antibodies. 

Primary  Species Source Catalogue 

Number 

Conjugate Dilution 

Anti-CYP21A2 Rabbit Abcam  ab230327 N/A 1:50 

Anti-CYP11B1 Rabbit Abcam  ab197908 N/A 1:50 

Anti-GFP Chicken  Aves Labs GFP-1020 N/A 1:150 

Secondary      

Anti-rabbit Donkey Invitrogen A32754 AlexaFluor 594  1:500 

Anti-rabbit Donkey Invitrogen A32790 AlexaFluor 488  1:500 

Anti-chicken Goat Abcam ab150173 AlexaFluor 488 1:500 

 

2.1.5  Bacterial strains 

Bacterial strains used for propagation of plasmids are listed (Table 2-5). 

 

Table 2-5 Bacterial strains.  

Strain Genotype Source 

DH5 α 
F– φ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1 

hsdR17(rK–, mK+) phoA supE44 λ–thi-1 gyrA96 relA1 

Thermo 

Scientific  

JM109 
endA1, recA1, gyrA96, thi, hsdR17 (rk – , mk + ), relA1, supE44, 

Δ( lac-proAB), [F´ traD36, proAB, laqI qZΔM15] 
Promega 
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2.1.6  Plasmids 

The plasmids used for cloning and transfection are listed (Table 2-6).  

Table 2-6  Plasmids. 

Plasmid Description Source 

pGEM®-T Easy TA cloning plasmid Promega 

pAd5 Adenovirus helper plasmid AddGene1 

pAAV8 Packaging plasmid for rAAV2/8 
Dr James Wilson, 

University of Pennsylvania2 

pAAVRh10 Packaging plasmid for rAAV2/Rh10 
Dr James Wilson, 

University of Pennsylvania3 

pAAV2-BB2.ApoEhAAT.hOTCco Backbone plasmid 
Dr Sharon Cunningham, 

CMRI 

pAAV2-GS.CMV.hCYP21A2 
Cloning plasmid containing CYP21A2 cDNA  

(GenBank accession no: NM_000500.9) 
GenScript 

pUC-GW.hCYP11B1 
Cloning plasmid containing CYP11B1 cDNA  

(GenBank accession no: NM_000497.4) 
GeneWiz 

pUC-GW.mCyp21a1co_donor1 
Cloning plasmid containing Cyp21a1 cDNA (exons 2-

10) that had been codon-optimized for mouse.  
GeneWiz 

pAAV2-BB2.ApoEhAAT.hCYP21A2 
AAV2 plasmid encoding human CYP21A2 under a liver-

specific promoter  
Constructed by candidate  

pAAV2-BB2.ApoEhAAT.hCYP11B1 
AAV2 plasmid encoding human CYP11B1 under a liver-

specific promoter 
Constructed by candidate  

pX601-AAV-CMV::NLS-SaCas9-NLS-3xHA-

bGHpA;U6::BsaI-sgRNA 

pX601 plasmid encoding SaCas9 and the sgRNA 

scaffold 
AddGene4 
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pX601-AAV.CMV.SaCas9.U6.guide15.sgRNA 
pX601 plasmid encoding SaCas9 and the sgRNA for 

guide 1 
Constructed by candidate  

pX601-AAV.CMV.SaCas9.U6.guide02.sgRNA 
pX601 plasmid encoding SaCas9 and the sgRNA for 

guide 2 
Constructed by candidate 

pX601-AAV.CMV.SaCas9.U6.guide03.sgRNA 
pX601 plasmid encoding SaCas9 and the sgRNA for 

guide 3 
Constructed by candidate  

pscAAV-HITIvectorBB Self-complimentary HITI vector plasmid backbone Dr Samantha Ginn, CMRI 

pAAV2-HITI.mCyp21a1co_donor1 
AAV2 plasmid encoding the codon-optimised Cyp21a1 

(exons 2-10) donor cassette for use with sgRNA guide 1 
Constructed by candidate  

 

2.1.7  Vectors  

Vectors used or produced during this thesis are listed (Table 2-7). 

Table 2-7 Recombinant AAV vectors.   

Vector Description  Chapter Source 

AAV8-CYP21A2 
Caesium-purified CYP21A2 expression cassette with liver-specific 

promoter, packaged in AAV8 

4.1 & 

4.2 
Produced by candidate  

AAV8-CYP11B1 
Caesium-purified CYP11B1 expression cassette with liver-specific 

promoter, packaged in AAV8 
4.2 Produced by candidate 

AAV Vector Testing Kit, 

n=67. 

Iodixanol-purified barcoded GFP expression cassettes packaged in 

a variety of AAV variants 
5 

Translational Vectorology 

Research Unit, Children’s 

Medical Research Institute 

(TVRU, CMRI). Extended kit 
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based on previously described.5 

AAV10-CMV.GFP Iodixanol-purified GFP expression cassettes packaged in AAV10 5 
Vector Genome Engineering 

Facility (VGEF), CMRI 

AAV8-CMV.GFP Iodixanol-purified GFP expression cassettes packaged in AAV8 5 VGEF, CMRI 

AAVAnc80-CMV.GFP 
Iodixanol-purified GFP expression cassettes packaged in 

AAVAnc80 
5 VGEF, CMRI 

AAVKP1-CMV.GFP Iodixanol-purified GFP expression cassettes packaged in AAVKP1 5 VGEF, CMRI 

AAVKP3-CMV.GFP Iodixanol-purified GFP expression cassettes packaged in AAVKP3 5 VGEF, CMRI 

AAVNP22-CMV.GFP 
Iodixanol-purified GFP expression cassettes packaged in 

AAVNP22 
5 VGEF, CMRI 

AAVRh10-CMV.GFP 
Iodixanol-purified GFP expression cassettes packaged in 

AAVRh10 
5 VGEF, CMRI 

AAVRh10-SaCas9-guide1 
Caesium-purified SaCas9 and sgRNA 1 expression cassette, 

packaged in Rh10 
6 

Plasmid cloned by candidate, 

vector packaged by VGEF, 

CMRI 

AAVRh10-SaCas9-guide2 
Caesium-purified SaCas9 and sgRNA 2 expression cassette, 

packaged in Rh10 
6 

Plasmid cloned by candidate, 

vector packaged by VGEF, 

CMRI 

AAVRh10-SaCas9-guide3 
Caesium-purified SaCas9 and sgRNA 3 expression cassette, 

packaged in Rh10 
6 

Plasmid cloned by candidate, 

vector packaged by VGEF, 

CMRI 

AAVRh10-Cyp21a1.donor1 
Caesium-purified codon optimized splice acceptor and Cyp21a1 

exons 2-10, packaged in Rh10 
6 

Plasmid cloned by candidate, 

vector packaged by VGEF, 

CMRI 

Abbreviations: VGEF, Vector Genome Engineering Facility; CMRI, Children’s Medical Research Institute.
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2.1.8  Primers  

Primers used for PCR and sequencing are listed (Table 2-8). 

 

Table 2-8 PCR and sequencing primers. 

Primer Name Direction Sequence 5’ to 3’ Description/target 

Plasmid cloning 

LGcons1_004 Reverse TATGATATCTCACTGGCTCTGGCCCGGGCTG 

Amplify CYP21A2 cDNA fragment from 

GeneScript plasmid. Add stop codon and 

EcoRV site 3’ to CYP21A2 

LGcons1_007 Forward TATGATATCGCGGCCGCGCCACCATGCTGCTCCTGGG 

Amplify CYP21A2 cDNA fragment from 

GeneScript plasmid Add EcoRV and 

NotI sites 5’ to CYP21A2 

Titre allocation 

VG0057_bGH pA F Forward GCCTTCCTTGACCCTGGA 
Bovine growth hormone polyA (ddPCR) 

VG0058_bGH pA R Reverse  ACTCAGACAATGCGATGCAA 

Genotyping 

LG_22 Forward ACCACCCTGAGGTGCACT 
Genotyping wild-type allele 

LG_23 Reverse GGGAGATTGATGCCAGCATAAG 

LG_34 Reverse TCCTTGGGGATGTCATAGCCA 
Genotyping mutant allele 

LG_35 Forward TCACCATCCTGAAGTGCACC 

Vector detection and quantification 

ddP_02F Forward TACCTCACCTTCGGAGACAA CYP21A2 target for vector copy number 
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ddP_04R Reverse CCACGATGTGATCCCTCTTC 
(ddPCR) and CYP21A2 expression 

(qPCR) 

ddP_08F Forward TGTGGAAGGAGCACTTTGAG CYP11B1 target for vector copy number 

(ddPCR) and CYP11B1 expression 

(qPCR) ddP_08R Reverse CCCTGCAGTGAGTTCCATAG 

LB0042mouse 

ALB_F  
Forward AACTGCTACTCCCCTCCTAC Murine albumin target for vector copy 

number normalisation (ddPCR and 

dPCR) 
LB0042mouse 

ALB_R  
Reverse TTTACCCCAGTGCAGGAAAG 

SG330F Forward GATTCGACGTGTACCTGGAC SaCas9 target for vector copy number 

(dPCR) SG331R Reverse CGTTGTTGTAGAAGGAGGCG 

ddP_107 Reverse TTCACGATGTGGTCCCTAGA Codon-optimised murine Cyp21a1 exons 

5 and 6 target for vector copy number 

(dPCR) ddP_108 Forward  GGAGCATTCAGATCCTGACC 

ddP_103 Reverse CCTCGATGGTCCTATTGCTG 
Target codon-optimised Cyp21a1 exon 2 

in donor template (dPCR) 

ddP_104 Forward  CATCTACAGGATCCGCTTGG Target native Cyp21a1 exon 1 (dPCR) 

ddP_112 Forward GGGAAGACAATAGCAGGCAT 
Target bovine growth hormone polyA in 

donor vector (dPCR) 

ddP_115 Reverse  ATTTAGCATATGGGGTCGGC Target native Cyp21a1 exon 2 (dPCR) 

Gene expression 

SG 381F Forward TACAGCGGAGCAACTGAAGA Murine albumin expression for 

normalization (qPCR) SG 382R Reverse TTGCAGCACAGAGACAAGAA 

LG_102F_tbp Forward CCCTTGTACCCTTCACCAATGAC Tbp expression for normalization (qPCR 

and dPCR) LG_103R_tbp Reverse TCACGGTAGATACAATATTTTGAAGCTG 

LG_104F_ren Forward CTCTGGGCACTCTTGTTGCT Ren1 expression (qPCR) 
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LG_105R_ren Reverse AGAAGGCATTTTCTTGAGCG 

LG_100F_mc2r Forward TTTCTCAGTCATCTTGCCGA 
Mc2r expression (qPCR) 

LG_101R_mc2r Reverse ATGCTCCTCTCCTTGGCTTT 

LG_029 Forward ACAGGAACCGAATGCAGCTG Wild-type murine Cyp21a1 expression 

(qPCR) LG_039 Reverse CTTAGGGATGTCATAGCCGG 

LG_120F_11b2 Forward GAGACGTGGTGTGTTCTTGC 
Cyp11b2 expression (qPCR) 

LG_121R_11b2 Reverse TCCCTTGCTACCATGTCCAC 

Barcode recovery and sequencing 

WPRE R Reverse GGATTTATACAAGGAGGAGAAAATGAAAG 

WPRE gene-specific reverse primer. For 

cDNA synthesis from mRNA extracted 

from tissue treated with AAV barcode kit 

NGS-R Reverse CAACATAGTTAAGAATACCAGTCAATCTTTCACAAATTTTGTAATCCAGAGG 
Universal reverse primer for barcode 

amplification. 

BC_00xx_GFP-

BC_0x 
Forward NNNNNGCTGGAGTTCGTGACCGCCG 

Barcoded forward primer for barcode 

amplification. Primer itself is also 

barcoded to allow cohorting multiple 

samples in one tube for NGS. Primer 

barcode sequences and primers numbers 

are detailed in Table 5-2. 

Sequencing 

LG_008 Reverse TGACCACAAGCTACCAAGGA Murine Cyp21a1 intron 2 

LG_009 Reverse AAGAGGAAGAGGAGCCATCG Murine Cyp21a1 intron 2 

LG_011 Forward GGGACTGTGCCAATGTGAAA Murine Cyp21a1 5’ UTR 
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2.1.9  Mouse strains 

The C57BL/10SnSlc-H-2aw18 mouse model was kindly provided by Toshihiko Shiroishi 

(National Institute of Genetics) and the RIKEN BRC through the National BioResource 

Project of the Ministry of Education, Culture, Sports, Science and Technology, Japan. 

The H-2aw18 mouse model has 21-hydroxylase deficiency, which is neonatally lethal.6 

Heterozygous (H-2b/aw18; Cyp21a1+/-) mice were bred to produce homozygous (H-2aw18, 

Cyp21a1-/-) offspring. Heterozygous (Cyp21a1+/-) and wild-type (Cyp21a1+/+) 

littermates were also used in some experiments, where specified.  
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2.2  Methods 

2.2.1  Molecular biology 

2.2.1.1  Plasmid DNA purification 

2.2.1.1.1  Small-scale plasmid purification 
A commercially available miniprep kit (Isolate II Plasmid Mini Kit) was used for small 

scale plasmid DNA purification (up to 20 µg) from bacterial clones. Briefly, single 

bacterial colonies were selected from LB/antibiotic agar plates and inoculated into 2 mL 

LB media with the relevant antibiotic (100 µg/mL ampicillin or 50 µg/mL kanamycin). 

Cultures were incubated at 37°C overnight in a shaking incubator (225 rpm, shaking 

orbit 19 mm). One millilitre of culture was pelleted in a 1.5 mL Eppendorf by 

centrifugation at 14 000 × g for 1 minute. Plasmid DNA was isolated from the bacterial 

pellet according to manufacturer’s instructions. The remaining 1 mL culture was used to 

inoculate large cultures.  

2.2.1.1.2  Large-scale plasmid purification 
Large scale isolation of transfection-grade plasmid DNA was performed using 

Nucleobond Xtra Midi or Maxi kits (Macherey-Nagel, Germany) for up to 500 µg or 

2000 µg DNA per column, respectively, according to the manufacturer’s instructions. 

Single colonies were inoculated into 2 mL LB/antibiotic medium and grown at 37ºC in 

a rotary shaking incubator (225 rpm, shaking orbit 19 mm) over 6 hours or overnight. If 

required, 1 mL of this starting culture was used for small-scale plasmid purification 

(Section 2.2.1.1.1) to confirm the identity of the plasmid being propagated. The 

remaining 1 mL of culture broth was then used to inoculate a large culture flask 

containing LB broth (200 mL for midiprep, 400-500 mL for maxiprep) and the relevant 

antibiotic. Cultures were incubated overnight at 37ºC in a rotary shaking incubator (225 
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rpm, shaking orbit 19 mm). The bacteria were pelleted by centrifugation at 5660 ×g for 

15 min. The DNA was then extracted immediately, or the pellet stored at -20ºC. DNA 

was purified as per the manufacturer's instructions.  

2.2.1.2  Restriction enzyme digestion 
Restriction enzymes reactions were preformed using the manufacturers recommended 

enzyme buffer for highest enzyme activity. 

2.2.1.3  Agarose gel electrophoresis 
Gel electrophoresis was performed to separate DNA bands according to size. Agarose 

gel was prepared (Table 2-2) and 5 μL/100 mL RedSafe Nucleic Acid Staining Solution 

(INtRON Biotechnology) was added before the gel was set. Each sample had 6 × DNA 

loading buffer (New England Biolabs) added before loading into gel wells. Gels were 

run at 80-100 volts. 

2.2.1.4  Purification of PCR fragments from agarose gels 
PCR fragments were purified from agarose gel using the Wizard Gel DNA Purification 

kit as per manufacturer’s instructions. The excised DNA bands were dissolved in 

membrane binding solution (10 µL solution per 10 mg gel) at 50-65°C. The dissolved 

mixture was transferred to the SV minicolumn and incubated at room temperature for 1 

min before centrifugation at 16 000 × g for 1 min. 700 µL membrane wash solution was 

added to the column which was then centrifuged at 16 000 × g for 1 min. This was 

repeated with 500 µL membrane wash solution for 5 min. The empty column was then 

centrifuged at 16 000 × g for 2 min with the lid open to allow any residual ethanol to 

evaporate. The minicolumn was transferred to a 1.5 ml Eppendorf tube and 35-50 µL 

(depending on expected yield) DNAse-free water was added to the tube before 



 Chapter 2: Materials and Methods 

  

106 
 

incubation at room temperature for 1 min and then centrifugation at 16 000 × g for 2 

min. The purified DNA was then stored at -20°C.  

2.2.1.5  A-Tailing DNA fragments 
The addition of an adenosine base to the 3’ end of a DNA fragment is known as A-

tailing. This was performed using 1 µL Taq DNA polymerase, 1 µL ThermoPol buffer 

10×, 1 µL dATP (10 mM) and purified PCR product, made up to 10 µL reaction. The 

reaction was incubated at 72°C for 1 hour before proceeding to ligation. 

2.2.1.6  DNA ligation 
Ligation reactions were calculated at a ratio of 3:1, using the following formula: 

x (ng of backbone) × y (kb insert) × 3 = z (ng insert) 

w (kb backbone) 

The relevant quantities of insert and backbone DNA fragments were added to 1 µL T4 

DNA ligase buffer (10×) and 1 µL T4 DNA ligase and made up to 10 µL. The reaction 

was incubated at 4°C overnight and heat inactivated at 65°C for 20 min the following 

day. The ligation product was then used to transform bacteria (see Section 2.2.1.7) 

2.2.1.7  Bacterial transformation 
Plasmid DNA (3 µL) was added to 40 µL thawed DH5α cells and incubated on ice for 

10-15 min. The bacteria were then heat-shocked at 42°C for 45-50 seconds to permit 

entry of the plasmid into the cells. The cells were incubated on ice for 2 min before 1 

mL LB broth was added and then incubated at 37°C on the shaking incubator (225 rpm, 

shaking orbit 19 mm) for approximately 1 hour to facilitate bacterial growth. The 

transformation liquid was then plated onto agar plates embedded with the appropriate 

antibiotic, dried and incubated at 37°C overnight.  
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2.2.1.8  Glycerol stock 
Culture broth was mixed with autoclaved glycerol to make up 25% of the volume, and 

stored at -80°C. 

2.2.2  Cell culture 

Culture of human embryonic kidney (HEK-293) cells was performed using aseptic 

technique within a Class II biohazard safety cabinet. Cells were cultured in disposable 

plastic flasks and dishes (Corning) and maintained at 37°C in a 5% CO2 humidified 

incubator. Cell growth media, transfection media, and maintenance media (Table 2-2), 

washing buffers (1 × PBS), and dissociation agents (Trypsin) were warmed to 37°C in a 

water bath prior to contact with cells. 

 

Adherent cells were passaged by aspirating to remove old media, washed with 10 mL 

PBS without magnesium and calcium, then incubated for 10 min at 37°C with 0.05% 

(v/v) Trypsin/EDTA (Sigma-Aldrich) to dissociate cells. After incubation, cells were 

manually agitated to facilitate lifting from flask surface and complete dissociation. 

Brightfield microscopy was used to confirm no cells remained adhered. Ten millilitres 

of growth media (or other appropriate media) was added to cells which were mixed by 

pipetting. The desired amount of cell suspension was seeded into a new tissue culture 

flask, usually split with a 1:10 dilution, with appropriate growth media. Cells were 

passaged again at 80% confluency. If required, cells were counted with a 

haemocytometer using Trypan Blue uptake to identify non-viable cells.  
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2.2.3  Viral vector production 

2.2.3.1  Triple transfection 
Vectors were packaged by triple transfection and purified by caesium chloride gradient 

as previously described.7, 8 HEK293 cells were passaged and seeded at approximately 

4.7 ×106 cells per 10 cm diameter tissue culture dish on day 1 in Growth media (see 

Table 2-2). The following day, the media was changed to Transfection media, 1.5 to 2 

hours before transfection. Triple plasmid transfection (3 µg vector plasmid, 3 µg capsid 

plasmid and 9 µg pAd5 [helper plasmid] per dish) was performed with the calcium 

phosphate method. Aliquots of 2 mL of Solution A was added slowly to 2 mL aliquots 

of solution B to precipitate DNA (Table 2-2). The mixtures were incubated for 15-20 

min at room temperature and then added to cells at 1 mL per dish. The cells were 

incubated with the DNA mixture at 37°C overnight. On day 3 the media was changed to 

Maintenance media before harvest on day 4. Cells were scraped and pelleted at 530 ×g 

at 20°C for 10 min. The cell pellet was resuspended in benzonase buffer and stored at -

80°C (freeze 1).  

2.2.3.2  Caesium chloride gradient purification 
The cells in benzonase buffer underwent three freeze/thaw cycles to lyse the cells. After 

the third thaw, Benzonase enzyme was incubated with the mixture at 37°C for 1 hour 

before centrifugation at 3500 × g for 10 min at 4°C to pellet cell debris. The supernatant 

was transferred to a new 50 mL Falcon tube. 1/39th of the volume of the supernatant of 

1 M CaCl2 (for 25 mM CaCl2 final concentration) was added, and the mixture was 

incubated on ice for 1 hour. The mixture was then centrifuged at 3000 ×g for 30 min at 

4°C. The supernatant was collected and ¼ this volume was added as 40% PEG 

8000/NaCl. The mixture was incubated on ice at 4°C overnight. The following morning 

it was centrifuged at 3000 ×g for 30 min at 4°C. The supernatant was removed and the 
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pellet resuspended in 20 mL NaHepes/EDTA resuspension buffer by rotating the tube at 

4°C overnight.  

 

The following day, 12 mL of 1.3 g/mL CsCl in PBS was added to an Ultra-Clear 

Centrifuge Tube (BeckmanCoulter, Cat# 344058). 5 mL of 1.5 g/mL CsCl in PBS was 

then added to the bottom of the tube creating an interface between the two densities. 20-

22 mL vector suspension was added to the top. The tubes were centrifuged at 106 800 

×g at 20°C for at least 24 hours. The vector band was collected by puncturing the tube 

below the visible virus band with an 18 G needle and the vector was collected with a 10 

mL syringe. The clear contents of the tube was removed but the protein layer was left. 

The removed contents contained both empty and full vector particles. The collected 

vector was loaded into a 12 mL Ultra-Clear Centrifuge Tube (BeckmanCoulter, Cat# 

344059) and topped up with 1.37 g/mL CsCl in PBS. It was then centrifuge at 247 600 

×g at 20°C for at least 24 hours. The vector was collected in 1 mL fractions using an 18 

G needle to puncture the tube then slowly drip out the vector. qPCR was then utilized to 

determine which fraction/s contained vector: 2 µL from each fraction was diluted in 1 

mL water for use in the qPCR. Primers to bovine growth hormone were used (Table 2-

8). 10 µL Takara SYBR green 2×, 1 µL of each 10 µM primer and 5 µL diluted 

template was made up to 20 µL per reaction with water. The qPCR conditions were 

95°C for 30 seconds; 35 cycles of 95°C for 5 seconds, 58°C for 15 seconds, 72°C for 20 

seconds; and then ramp from 60-99°C to melt holding for 5 seconds for each step. The 

three to four fractions with the highest titre determined by qPCR were then pooled for 

the remaining steps. An appropriately sized dialysis cassette (Slide-A-Lyzer Gamma 

Irradiated Dialysis Cassette Extra-Strength, Thermo Scientific) was pre-wet with 

dialysis fluid and loaded with the pooled fractions. The vector was dialysed in 4 L 
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dialysis fluid overnight at 4°C, over the day in a fresh batch of the same dialysis fluid 

and then overnight in dialysis fluid that contained glycerol. The vector was then 

collected and concentrated by centrifugation in a Vivaspin 20 100,000 molecular weight 

cut-off (Satorius) at 3700 × g to achieve a final volume of 300µL-800µL. The final 

purified vector was stored at 4°C or -80°C.  

2.2.3.3  Determining titre 
Titre was determined using digital droplet PCR (C1000 Touch™ Thermal Cycler 

#1851196 and QX200 Droplet Reader #1864003, BioRad) using primers specific for the 

bovine growth hormone polyadenylation tail signal (Table 2-9) with QX200™ 

ddPCR™ EvaGreen Supermix (BioRad 1864034). The conditions were 95°C for 5 min, 

forty cycles of 95°C for 30 seconds and 60°C for 1 min, followed by 4°C for 5 min, 

90°C for 5 min.  

2.2.4  Animal procedures 

All animal care and experimental procedures were evaluated and approved by the joint 

Children’s Medical Research Institute and The Children’s Hospital at Westmead 

Animal Care and Ethics Committee (Project C381). The C57BL/10SnSlc-H-2aw18 

mouse model was kindly provided by Toshihiko Shiroishi (National Institute of 

Genetics) and the RIKEN BRC through the National BioResource Project of the 

Ministry of Education, Culture, Sports, Science and Technology, Japan.6 Mice were 

housed in the Bioresources Facility of the Children’s Medical Research Institute. 

Animals were maintained with 12-hour light/dark cycles with free access to standard 

mouse chow and water. 
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2.2.4.1  Treatment for homozygous mutant survival 
The H-2aw18 mouse model has 21-hydroxylase deficiency, which is neonatally lethal.6 

Heterozygous (H-2b/aw18; Cyp21a1+/-) mice were bred to produce homozygous (H-2aw18, 

Cyp21a1-/-) offspring. Exogenous steroid rescue was required for survival of the 

homozygous offspring. Dams were examined daily to determine the presence of a 

vaginal plug, indicating day E0.5. All dams received 5 µg of dexamethasone (Ilium 

Dexason, Troy Animal Healthcare) subcutaneously daily from day E18 until the birth. 

Day E19 was the most common day of delivery in this colony. All pups received 10 µg 

corticosterone and 0.05 µg fludrocortisone subcutaneously from birth second daily until 

3 weeks of age. Once genotype was available, steroid treatment was ceased prior to 3 

weeks of age in non-homozygous pups. Adrenalectomized adult rats can survive with 

salt supplementation alone,9 so dams with unweaned offspring and weaned Cyp21a1-/-

mice were provided with rock salt three times per week. Cyp21a1-/- pups were weaned 

to small groups with other Cyp21a1-/- animals from the same litter or a single non-

homozygous littermate to avoid resource competition.  

2.2.4.2  Genotyping  

2.2.4.2.1  Genomic DNA extraction from murine tissue for genotyping 
Genotype was determined using a PCR-based assay with genomic DNA from toe 

removal during identification at 9 days of age. Toes were stored at -20°C until use. A 

rapid DNA extraction technique was used.10 Essentially, 300 µL of genotyping 

digestion buffer and 6 µL proteinase K was added to each tube (aiming for final 

concentration of proteinase K 0.4 mg/mL buffer). The tubes were then vortexed and 

incubated overnight at 55°C. One millilitre of 100% ethanol was added to each tube and 

mixed gently. The tubes were centrifuged at 16 000 × g for 30 min at room temperature. 

The fluid was poured out of the tube and 1 mL of 70% ethanol was added, followed by 
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centrifugation at 16 000 × g for 20 min. Again, the fluid was poured out of the tube. 200 

µL of 10% TE was then added to tube. The Eppendorf lids were left open to allowed 

excess ethanol evaporation for 2 hours at 55°C and then samples were stored at 4°C for 

immediate use or -20°C for later use.  

2.2.4.2.2  Genotyping PCR 
The genotyping PCR reaction components and conditions are shown (Table 2-9). 

 

Table 2-9 Reaction components and conditions for genotyping PCR 

 Wild-type allele 

(µL) 

Mutant allele 

(µL) 

MyTaq Red 2× 10 10 

Primer LG_022 10 µM 1 - 

Primer LG_023 10 µM 1 - 

Primer LG_034 10 µM - 1 

Primer LG_035 10 µM - 1 

Water 6 6 

DNA template 2 2 

Total  20 20 

The wild-type band is expected to be 832 bp, and the mutant band is expected to be 474 

bp. The reaction conditions were 95°C 120sec; 35 cycles of 95°C 20 sec, 60°C 30 sec, 

72°C 120 sec; 72°C 80 sec.   

 

2.2.4.3  Minimally invasive conscious procedures 

2.2.4.3.1  Dried blood spot collection from mandibular vein 
Whole blood was collected on filter paper from the submandibular vein between 2 – 4 

pm. Mice were restrained by hand and a 25-guage needle was used to puncture the 

mandibular vein. Blood was collected onto filter paper and haemostasis was ensured 

before mice returned to cage. Filter paper was dried overnight and then stored at 4°C11 

in a light protected, airtight bag with moisture absorbing crystals. 
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2.2.4.3.2  Intravenous injection via tail vein.  
rAAV vector was diluted in sterile saline for injection to a total volume of 150 µl per 

mouse. Adult Cyp21a1-/- mice were warmed under a lamp to vasodilate the tail vein and 

then placed in a restrainer. The injection site was cleaned with alcohol and  received the 

relevant vector intravenously via the lateral tail vein using a 29-gauge 1 mL syringe 

(BD Ultra-Fine Insulin Syringe, Becton Dickinson, USA). Haemostasis was ensured 

with gentle pressure to the site. Tail vein injections were performed by Cindy Zhu, 

Gene Therapy Research Unit, Children’s Medical Research Institute.  

2.2.4.4  Terminal sample collection and storage 
After the specified treatment interval, treated and control animals were harvested 

between 2-4 pm if steroid profiles were to be part of the analysis, or at any time during 

the day if no steroid analysis was required. The same method was used to harvest 

untreated Cyp21a1-/- and wild-type (H-2b, Cyp21a1+/+) controls. The mice were deeply 

anaesthetised using isofluorane (5% v/v for induction in box, 3-5% v/v for maintenance 

via nose cone) to facilitate open cardiac puncture for blood collection. Blood was 

collected on filter paper and the remaining spun down to collect serum which was 

aliquoted and stored at -80°C until analysis. Dried whole blood on filter paper was dried 

overnight at room temperature, then stored in an airtight bag at 4°C. Following 

exsanguination, the animal was terminated with cervical dislocation and tissues 

harvested. 

 

The adrenal glands were harvested first, and fat dissected away using 25-guage needles 

and a dissection microscope. Adrenal glands were either snap frozen or fixed in 4% 

PFA or 10% NBF. Liver was excised and small pieces were fixed in 4% PFA or 10% 
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NBF or snap frozen in liquid nitrogen. Other tissues that were collected were snap 

frozen in liquid nitrogen.  

2.2.5  Analysis of animal samples 

2.2.5.1  Microscopy 

2.2.5.1.1  Immunohistochemistry 
Adrenal glands and liver were fixed in overnight in 4% PFA. Following PFA fixation, 

tissue was dehydrated using a sucrose gradient. Tissue was then dried and placed in 

Tissue-Tek Cryomold Intermediate (Sakura) plastic cassette in Tissue-Tek Optimal 

Cutting Temperature (O.C.T) Compound (Sakura). Cassettes were snap-frozen in 

isopentane on the vapour-phase of liquid nitrogen then stored at -80°C. 

2.2.5.1.1.1  Cryosectioning 

Tissue blocks were incubated at -20°C for 20 min prior to sectioning and transported on 

dry-ice when removed from -20°C. Five μm and eight µm sections of PFA-fixed cryo-

preserved liver and adrenal gland, respectively, were cut using a Leica Cryostat onto 

Menzel-Gläser Superfrost Plus Microscope Slides (Thermo Scientific). Slides with cut 

sections were stored at 4°C prior to staining. 

2.2.5.1.1.2  Immunohistochemistry staining 

Slides were washed in PBS for 5 min. Samples were permeablise in ice cold methanol 

for 20 min at -20°C, followed by 0.1% triton X-100 in PBS for 20 min. They were then 

washed in PBS for 5 min, then twice in 2% FBS in PBS for 5 min each. Slides were 

blocked with relevant blocking buffer (eg 10% donkey serum and 10% FBS in PBS) for 

60 min at room temperature. They were then washed with 0.1% Tween-20 in PBS for 

10 min. The primary antibody was incubated with the sections at 4°C overnight. The 

following day, slides were washed with 0.1% Tween-20 in PBS for 1 min, 5 min, 10 
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min and 15 min. Slides were then incubated with secondary antibody for 60 min at 

room temperature (light protected). The slides were washed with 0.1% Tween-20 in 

PBS three times for 5 min each then rinse in PBS. Next, 15 µL of 2 µg/mL DAPI was 

diluted in 50 mL PBS and incubated for 5 min. Slides were rinsed and dried and topped 

with coverslip. Stored at 4°C light protected. Slides were imaged with Zeiss Axio 

Imager M1 and A1 microscopes. Zeiss ZEN 3.8 software was used for microscope 

setup, capture, and image processing. 

2.2.5.1.2  Histopathology 
Adrenal glands were fixed in 10% NBF for 24 hours. Liver was fixed for 48 hours in 

10% NBF. Haematoxylin and eosin slides were prepared by Li Ma, Histology Facility, 

The Westmead Institute for Medical Research (WIMR).  

2.2.5.2  Blood profiles 

2.2.5.2.1  Serum steroids 
Serum steroids were analysed at the Endocrinology Laboratory, The Children’s Hospital 

at Westmead by Dr Sundar Koyyalamudi. The steroid calibrators, controls and 

isotopically labelled Internal standard mix were obtained from Chromsystems 

Instruments & Chemicals Gmbh, Germany. The Optima LC-MS grade solvents 

including water, methanol, methyl t-butyl ether, acetonitrile and formic acid were 

obtained from Fisher Chemicals, UK. Internal standard solution was added to 

calibrators, controls and test samples and organic solvents were used for extraction. The 

extract supernatants were evaporated to dryness under nitrogen in a 37°C water bath. 

After evaporation, the extracted steroids were reconstituted in 50% methanol. Steroids 

were analysed by Ultra Performance Liquid Chromatography-Tandem Spectrometry 

(UPLC-MSMS) using validated in-house developed methods (Waters Acquity UPLC 

and Xevo TQ-S mass spectrometer). 
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2.2.5.2.2  Dried whole blood corticosterone 
Dried whole blood corticosterone was analysed at the Newborn Screening Laboratory, 

The Children’s Hospital at Westmead by Tiffany Wotton and Dinah Sung. The dried 

blood spot samples were collected on to filter paper and were extracted using an organic 

solvent (95% methanol) containing deuterated internal standards for each steroid. 

Whole blood corticosterone was measured using Liquid Chromatography Tandem Mass 

spectrometry (Waters Xevo TQ-S with Acquity UPLC system). 

2.2.5.2.3  Serum ACTH 
ACTH was measured after thawing snap frozen serum using the Mouse/Rat ACTH 

SimpleStep ELISA Kit as per manufacturer instructions (Ab263880, Abcam).  

2.2.5.3  Genomic DNA extraction from tissue 
A standard phenol-chloroform DNA extraction method was used. 400 µL DNA lysis 

buffer (Table 2-2) was added to a 1.5 mL Eppendorf containing the tissue sample and 

the tissue was homogenised. The appropriate amount of proteinase K (e.g. 2 µL for 

adrenal gland, 5 µL for liver sample) (stock 20 mg/mL) was added and the samples 

were incubated overnight at 57°C. 5 µL RNAse A (stock 20 mg/mL) was added and 

incubated for 1 hour at 37°C. Following this, 400 µL phenol:chloroform/isoamyl 

alcohol was added to the tube which was inverted for 10 minutes. The tubes were then 

centrifuged at 16 000 × g for 10 minutes. The aqueous phase was collected and again 

400 µL phenol:chloroform/isoamyl alcohol was added, repeating the previous steps. 

Once the aqueous phase was collected for the second time, 0.25 times the sample 

volume of 10 M ammonium acetate (aiming for final concentration of 2 M) was added. 

And then 2 to 2.5 times the sample volume of 100% ethanol was added. The tube was 

then shaken vigorously by hand. The tubes were incubated at -20°C for at least 30 min 

(the protocol could be paused here if required and the tubes stored at this point). Next, 



 Chapter 2: Materials and Methods 

  

117 
 

then tubes were centrifuged at 4°C for 30 min at maximum speed. The liquid was 

poured out and 1 mL 70% ethanol was added. The tubes were centrifuged at maximum 

speed for 10 min at room temperature. The liquid was removed and the tubes allowed to 

air dry for 2 min. The DNA pellets were then resuspended in appropriate amount of 

10% TE and stored at 4°C overnight and then -20°C.  

2.2.5.4  RNA extraction 
Samples were homogenised in 300uL Trizol and then transferred to QIAshredder spin 

column and used as per manufacturer’s instructions. The flow through was transferred 

to a new tube. 700uL Trizol was added and the samples were incubated for 5 min at 

room temperature. Choroform (200uL) was added and the tubes were shaken vigorously 

by hand for 15 seconds, followed by incubation at room temperature for 3 min. The 

samples were centrifuged at 12 000 × g for 15min at 4°C. The upper phase (contained 

RNA) was transferred to a fresh tube. At this point the Invitrogen Purelink RNA mini 

kit protocol was commenced as per manufacturer’s instructions. DNase treatment was 

performed on-column as per manufacturer's instructions. The RNA was aliquoted and 

stored at -80°C.  

2.2.5.4.1  cDNA synthesis 
SuperScript IV First-Strand Synthesis System was used to synthesize cDNA as per 

manufacturer’s instructions with Oligo d(T)20 primer, unless otherwise specified in 

chapter-specific methods. Two µL of 50 µM Oligo d(T)20 primer and 2 µL 40 mM 

dNTP mix was added to 500 ng RNA and made up to 20 µL per reaction to anneal the 

primer to the RNA template. This RNA mix was incubated at 65°C for 5 minutes then 

cooled on ice for at least 60 seconds. For reverse transcription, 4 µL of SuperScript IV 

buffer (5×), 1 µL 100 mM DTT, 1 µL ribonuclease inhibitor, and 1 µL SuperScript IV 

Reverse Transcriptase (RT+) and 10 µL of the annealed RNA was made up to 20 µL. 
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For the RT- reaction, the same volume of SuperScript IV buffer (5×), 100 mM DTT, 

ribonuclease inhibitor, and annealed RNA were made up to 20 µL without Reverse 

Transcriptase. Both reactions were incubated at 55°C for 10 min and 80°C for 10 min 

and stored at -20°C.  

2.2.5.5  Genomic DNA and RNA quantification 
DNA and RNA concentrations were determined by spectrophotometry using a 

Nanodrop 1000 (Thermo Scientific). Sample purity was estimated by A260/A280 and 

A260/A230 absorbance ratios. When increased accuracy was required, for example 

when preparing samples for ddPCR or dPCR, the Qubit dsDNA BR Assay Kit 

(Invitrogen) with the Qubit 4 Fluorometer (Invitrogen) was used. Samples and standards 

were prepared according to manufacturer directions.  

2.2.5.6  Digital droplet PCR (ddPCR) 
Genomic DNA was extracted from frozen tissue using a standard phenol-chloroform 

extraction method. It was digested with restriction enzyme HindIII-HF (New England 

BioLabs R3104L). Vector copy number (vcn) was determined using digital droplet PCR 

(C1000 Touch™ Thermal Cycler #1851196 and QX200 Droplet Reader #1864003, 

BioRad) using relevant primers (Table 2-8) with QX200™ ddPCR™ EvaGreen 

Supermix (BioRad 1864034). The conditions were 95°C for 5 min, forty cycles of 95°C 

for 30 seconds and 60°C for 1 min, followed by 4°C for 5 min, 90°C for 5 min. The 

vector count was normalised to two copies of murine albumin to determine vcn/diploid 

nucleus.  

2.2.5.7  Digital PCR (dPCR) 
Genomic DNA or cDNA synthesised from RNA was used. DNA was digested with 

restriction enzyme EcoRV at 37°C for two hours, and then inactivated at 72°C for 10 
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minutes. The digital PCR Qiagen Quick-Start protocol was run on the digital PCR 

machine QIAcuity One, 5plex Device (#911021, Qiagen) as per the manufacturer’s 

instructions (QIAcuity® EG PCR Kit, Qiagen). The conditions were 95°C for 2 min, 

forty cycles of 95°C for 15 seconds, 60°C for 15 seconds, and 72°C for 15 seconds, 

followed by 40°C for 5 min. Imaging conditions were 500 ms exposure and gain of 6. 

Vector copy was normalised to two copies of murine albumin to determine vcn/diploid 

nucleus. Editing events were normalised to one copy of murine albumin to determine 

percentage events per total alleles.  

2.2.5.8  Real-time quantitative PCR (qPCR) 
qPCR was used to quantify expression of both vector and relevant genes. cDNA 

synthesized from liver RNA was diluted 1:10 with 10% TE and cDNA synthesized from 

adrenal RNA was diluted 1:20. The primers used are listed in Table 2-8. Reactions were 

prepared with 10 µL Takara TB green (2×), 1 µL of each relevant primer (10µM), 5 µL 

diluted template cDNA and made up to 20 uL. The conditions were 95°C for 30 

seconds; 40 cycles of 95°C for 5 seconds, 57°C for 20 seconds, 80°C for 10 seconds; 

and then ramp from 60°C to 95°C to melt with 90 seconds held at first step then held for 

5 seconds for each step thereafter.  

2.2.6  Statistical analysis 

GraphPad Prism software was used for statistical analysis and graph production. Data 

was not assumed to have a normal distribution so non-parametric statistics were utilised. 

Values graphed as individual data points with median and interquartile range displayed 

unless otherwise stated. Statistical significance was determined between two groups 

using the Mann-Whitney U test, between baseline and final corticosterone with 
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ANOVA and linear regression modelling for association between two variables. 

Statistical significance was defined as p ≤ 0.05. 

2.2.7  Figures 

Figures were created with Biorender.com. 
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Chapter 3 
 

 

Validating and extending the 21-
hydroxylase deficient mouse model 
 

3.1  Introduction 

This chapter describes the establishment of the colony and validating and extending the 

characterisation of the model that was used for all later experiments. The 

C57BL/10SnSlc-H-2aw18 mouse model1 was kindly provided by Toshihiko Shiroishi 

(National Institute of Genetics) and the RIKEN BRC through the National BioResource 

Project of the Ministry of Education, Culture, Sports, Science and Technology, Japan. 

While this model has been used in previous gene therapy studies, not all of the phenotypic 

parameters used in this thesis had been explored by previous groups, and thus clarification 

of the phenotype was warranted.  

 

3.1.1  Comparison between human and murine adrenal 
cortex  

Animal models are an important tool in the pre-clinical development of new treatments.2 

Mice have many similar biological functions as humans, however there are some 

important differences between the mouse and the human adrenal gland, both structurally 

and functionally. The human adrenal cortex is divided into three zones from superficial 

to deep: zona glomerulosa, zona fasciculata and zona reticularis. Deep to the zona 
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reticularis is the adrenal medulla.3 The zona glomerulosa is regulated by the renin-

angiotensin system, and the zona fasciculata and zona reticularis are dependent on ACTH 

secretion of the pituitary.4 Aldosterone is produced in the zona glomerulosa and the major 

glucocorticoid produced by the zona fasciculata in humans is cortisol. The zona reticularis 

is unique to humans (and some non-human primates) and begins to appear from 

approximately age 3 to 5 years in children.5 The zona reticularis produces adrenal 

androgens, and the onset of detectable androgen production, known as adrenarche, 

manifests as the development of pubic and axillary hair from age 6 to 8 years and 

onwards.6  

 

However, rodents do not have a zona reticularis due to the lack expression of 17-

hydroxylase (Cyp17a1) in the adrenal cortex, although it is expressed in the gonads for 

sex steroid production: Leydig cells (testis) in the male and thecal cells (ovary) in the 

female mouse.7, 8 Thus the major glucocorticoid in rodents is corticosterone (Chapter 1, 

Section 1.3.5.1, Figure 1-3).3, 9 The adult mouse adrenal does not produce androgens.10 

The foetal mouse adrenal transiently expresses 17-hydroxylase and therefore the adrenal 

may have a transient role in androgen production in the foetal mouse, but its expression 

is not present in post-natal life.11 Between the zona fasciculata and the adrenal medulla 

the mouse has what is known as the X-zone, which is not responsive to ACTH.12 This is 

similar to the human foetal zone, however it persists after birth until puberty in the male 

mouse and until the first pregnancy in the female mouse, where in both sexes involution 

appears to be related to exposure to androgens.13-15 The role of the mouse X-zone is 

unclear,3, 15 although it may be involved with progesterone catabolism.16 
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3.1.2  Murine model of 21-hydroxylase deficiency 

3.1.2.1  Genetics of murine 21-hydroxylase deficiency 
The human CYP21A2 gene is located on the short arm of chromosome 6 within the major 

histocompatibility complex at 6p21.3 which is among one of the most complex regions 

in the human genome.17, 18 Similar to humans, mice have a duplicated C4 and Cyp21 gene 

cluster with an associated 21-hydroxylase pseudogene.19-21 In humans the CYP21A2 gene 

is functional with 15 mutations rendering the human CYP21A1-P non-functional,22 

whereas in mice it is the Cyp21a1 gene that is functional and the Cyp21a2-ps gene is the 

non-functional pseudogene primarily due to a large deletion which spans exon 2.23, 24 

There is high homology between the active and pseudo- genes with 98% exonic and 96% 

intronic homology in the human.25, 26 This high homology results in risk of misalignment 

of chromosomes resulting in genetic recombination between the active and pseudogene, 

and accounts for more than 90% of the CAH-causing mutations.27, 28 This can cause gene 

deletion from unequal cross-over or transfer of deleterious mutations from the 

pseudogene to the active gene.28 When misalignment occurs during meiosis, one daughter 

chromosome may have three copies of CYP21 and the other daughter chromosome may 

have one copy, and this single copy is a fusion of the 5’ end of non-functional CYP21A1P 

and 3’ end of CYP21A2.27-30 This accounts for 20% of the recombination events that cause 

CAH.28 Gene conversions, where there is transfer of genetic material from the 

pseudogene to the active gene through homologous recombination, take place in both 

somatic cells and gametes, and mostly occur during mitosis.28 These recombination 

events are responsible for more than 90% of the pathogenic variants causing 21-

hydroxylase deficiency.28, 31 There are over 350 known variants in CYP21A2 listed in the 

Human Gene Mutation Database (HGMD, http://www.hgmd.cf.ac.uk accessed 

02/03/2024) spanning all 10 exons (Figure 3-1).  

http://www.hgmd.cf.ac.uk/
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Figure 3-1 Graphical representation of known variants in CYP21A2  

This figure is taken from ClinVar and demonstrates pathological variants span all 10 exons in the CYP21A2 gene. Source: 

https://www.ncbi.nlm.nih.gov/clinvar (accessed 17/3/24). 

https://www.ncbi.nlm.nih.gov/clinvar


125 

 

The mouse model for 21-hydroxylase deficient congenital adrenal hyperplasia (CAH) 

was developed in the 1980s when the C57BL/10-H-2aw18 recombinant mouse was 

produced by crossing C57BL/10-H-2a and C57BL/10.MOL-SGR-H-2wm7 mice which had 

an H-2 complex from the Japanese wild mouse.1 Homozygosity for the aw18 allele was 

lethal, and later determined to be due to 21-hydroxylase deficiency.32 As there is no 17-

hydroxylase in the murine adrenal, 21-hydroxylase deficiency causes an elevation of 

progesterone.32 In the 1990s, it was shown that these mice could to be rescued by 

transgenesis, and this was the first indication that they could be used in a model for gene 

therapy in CAH.33 The mutation was described in the early 2000s and found to be due to 

a complex gene rearrangement because of unequal crossing-over of the active Cyp21a1 

gene and the inactive Cyp21a2 pseudogene,34 This  is similar to 20% of mutations that 

cause 21-hydroxylase deficient CAH in humans by unequal crossing-over between 

chromosomes in meosis.28 The mutated Cyp21a1 gene is a fusion of the wild-type exons 

1-7 and non-functional pseudogene exons 8-10, which results in non-functional 

transcribed mRNA (Figure 3-2).34 This resulted in an 80 kb deletion from the 3’ end of 

Cyp21a1, to the 5’ end of Cyp21a2-ps that includes C4.34 The resulting mutant gene has 

3 point mutations in exon 8 and 6 point mutations in exon 10 from the pseudogene that 

render it non-functional.34 Additionally, there is a point mutation upstream of the fusion 

event in exon 6.34  
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Figure 3-2 Mutant murine Cyp21a1 

Unequal crossing over of chromosomes results in fusion of the Cyp21a1 and Cyp21a2-ps 

genes and deletion of C4. Wild-type exons 1-7 form the 5’ end of the new mutant gene 

and exons 8-10 from the pseudogene form the 3’ end of the mutant gene, which results in 

a non-functional transcript. Abbreviations: Slp, sex-limited protein; Cyp21a1, 21-

hydroxylase; Cyp21a2-ps, 21-hydroxylase pseudogene; C4, complement 4. Adapted from 

Riepe, et al, 2005.34 

 

 

3.1.2.2  Rescue of the neonatally lethal murine 21-hydroxylase 
deficient model 
Homozygosity for the mutated Cyp21a1 gene is neonatally lethal, with death commonly 

occurring during birth or within the first few days of life, with none surviving beyond 15 

days.1 By treating with glucocorticoid or wild-type mouse adrenal homogenate, 

homozygous mice may survive,33 however even with steroid rescue the expected survival 

rate is poor and estimated to be 12%.35  

 

Various glucocorticoid regimens have been used in previous studies to improve neonatal 

survival: 
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• 20 µg hydrocortisone, 20 ng dexamethasone and 0.025 µg fludrocortisone 

dissolved in saline or olive oil and administered daily for the first 3 weeks of 

neonatal life.33 

• 5ug dexamethasone dissolved in peanut oil and given to the pregnant dam from 

day 20 until delivery, followed by 5 µg corticosterone and 0.025 µg 

fludrocortisone daily for the first two weeks of life, followed by corticosterone in 

the drinking water for days 14-21.36-38 

• 5ug dexamethasone daily from late pregnancy until day of delivery, followed by 

5ug corticosterone and 0.025 µg fludrocortisone daily for the first 3 weeks of 

neonatal life.39 

• 5 µg dexamethasone daily to the dam from gestational day 20 until day 7 post-

natal , and the neonates received 10 µg corticosterone and 0.05 µg fludrocortisone 

every second day for two weeks of life.35 

• 5 µg dexamethasone to the pregnant dams second daily40 from late pregnancy The 

pups were administered wild-type adrenal homogenate daily from birth to day 3 

(total 4 doses) into cryogenically sedated neonates (Jonathan B. Rosenberg, 

Senior Research Associate, Crystal Laboratory, personal communication, 12th 

June 2020). 

Additionally, some studies utilised peanut oil as the diluent, however it has been found 

that this can increase maternal cannibalism, and ethanol may be used instead (Pierre 

Bougnères, personal communication, Emeritus Professor, Inserm, 18th June 2020).  

 

3.1.2.3  Phenotype of murine 21-hydroxylase deficiency 
The phenotype seen in 21-hydroxylase deficient mice is comparable to that seen in 

humans with severe salt-wasting disease; that is, there is elevation of a precursor 
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hormone, enlargement of the adrenal glands, loss of organised adrenocortical zonation 

and severe, potentially lethal disease in neonates.32 The 21-hydroxylase deficient mouse 

has elevation of progesterone, when compared to heterozygotes and wild-type 

littermates.32 Mild elevation of progesterone exists in heterozygotes when compared with 

wild-type littermates,32 which may indicate that heterozygotes are partially affected, 

unlike most heterozygous humans. There is elevation in renin expression in adult 

homozygous mice,35 indicative of chronic salt loss. Newborn mice homozygous for 21-

hydroxylase deficiency have larger adrenal glands than heterozygous or wild-type, with 

cell hypertrophy and loss of organised zonation,32, 35 which is also seen in affected 

humans.41 When homozygous mice survive to adulthood, they have poor weight gain 

compared with their heterozygous and wild-type siblings.35 In behavioural analyses, these 

mice show signs of anxiety and depressive-like behaviour.35  

 

The majority of previous studies have utilised elevated serum or urine progesterone as 

the biomarker for disease and disease improvement.35, 39, 40 Corticosterone is known to be 

deficient in this mouse model36; however, there is no previous characterisation of 

aldosterone production. While it has been shown that they have increased renin 

expression, which implies deficient mineralocorticoid production,35 serum aldosterone 

has not been measured directly. We sought to use multiple biomarkers of disease  

therefore determined the wild-type reference ranges for serum progesterone, 

corticosterone and aldosterone and the expected levels in 21-hydroxylase deficiency in 

this model.  

 

As mice do not express Cyp17a1 in the adrenal gland, there is no hyperandrogenic 

phenotype in 21-hydroxylase deficiency, and the major glucocorticoid is corticosterone 
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rather than cortisol. While these minor differences mean that the model does not perfectly 

replicate human disease, there is sufficient similarity to make it a suitable candidate for 

early work in developing gene therapy for CAH, and it has been used previously for this 

purpose.35, 36, 39, 40, 42 We sought to confirm the genotype and phenotype of this model, 

and to extend the biochemical phenotype to include aldosterone, prior to use in gene 

therapy experiments.  

 

3.2  Chapter-specific methods 

3.2.1  Genotyping  

The PCR protocol provided by the Riken Laboratories was expected to yield a wild-type 

band of 1.7 kb and a mutant band of 2.3 kb but it was not reliably reproducible (universal 

forward primer [“Primer 1”]; wild-type specific reverse primer [“Primer 2”]; mutant 

specific reverse primer [“Primer 3”]) (Table 3-1). Optimisation of this protocol was 

attempted. DNA extraction methods that were tested included traditional phenol-

chloroform, HotSHOT43 and the Wang and Storm method.44 PCR enzymes Q5 and Taq 

and PCR enzyme pre-mixes BioMix Red and MyTaq Red were tested and annealing 

temperature gradients were applied. Primer concentrations were tested from 1µL of 1µM 

stock in 20µL reaction (50nM final concentration) to 1.5 µL of 10µM stock (700nM final 

concentration). Despite this, the genotyping PCR remained unreliable therefore new 

primer sequences were designed for the wild-type (NC_000083.7) and mutant (GenBank 

AY613781) alleles (Table 3-1). Primers 1-14 were tested for genotyping, but the reaction 

remained unreliable. After sequencing, additional primers were designed to produce 

smaller PCR products (Primers 20-38).  
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Table 3-1 Primers for genotyping and sequencing. 

Primer name Primer number Direction Sequence 5’ to 3’ Target  

LG_exon 2 1 forward CATATGCTAAATGGTAAGGGTTAGG Wild-type and mutant exon 2/intron 2  

LG_intron 8_b 2 reverse TACCCCCAGGGAATCACCTGCTCG Wild-type exon 8/intron 8 

LG_exon 41  3 reverse AACTGAGGCACTAGGCTCATCC Mutant 3’ UTR 

LG_004 4 reverse TGACTGCCGAGCACTGAGGG Mutant 3’ UTR 

LG_005 5 reverse GCCGAGCACTGAGGGGTTGT Mutant 3’ UTR 

LG_006 6 reverse CTCATCCTATCCTGTCAAGGATTT Mutant 3’ UTR 

LG_007 7 reverse GTCTGTACCAACGTGCTGTC Wild-type exon 5, Mutant intron 7 

LG_008 8 reverse TGACCACAAGCTACCAAGGA Wild-type intron 2, Mutant intron 2 

LG_009 9 reverse AAGAGGAAGAGGAGCCATCG Wild-type intron 2, Mutant intron 2 

LG_010 10 forward GAAGCAAAGGTCAGAGCCAC Mutant 5’ UTR 

LG_011 11 forward GGGACTGTGCCAATGTGAAA Mutant 5’ UTR 

LG_012 12 forward CCCATCGTGCAACTAAGGTT Mutant exon 8 

LG_013 13 forward GGTCAGCTAGATGGCAGGAG Wild-type intron 7, Mutant intron 7 

LG_014 14 forward CCTTTCCCTCAGCATCTCTG Mutant intron 8/exon 9 

LG_015 15 reverse CATGTAGTCAATCATGTCTTTCCATTG Wild-type exon 7, Mutant exon 7 

LG_016 16 reverse TCTTCCTCCCTCAACCCTTACCC Wild-type intron 8, Wild intron 8 

LG_020 20 reverse GAAGCGATCTGTGGGTAGTAGAT Wild-type intron 9/exon 10 

LG_021 21 forward GTCAAGCAGCAGCTGAAGCG Wild-type exon 6 

LG_022 22 forward ACCACCCTGAGGTGCACT Wild-type exon 7/intron 7 

LG_023 23 reverse GGGAGATTGATGCCAGCATAAG Wild-type exon 10 

LG_024 24 forward CCTCTTGCCCACCCCTAAC Wild-type intron 4 

LG_025 25 forward CCCTGGGGGATTACTCTCTC Wild-type exon 3 

LG_026 26 forward CACCACTGCTGGACACACAA Wild-type intron 6 
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LG_027 27 reverse CCACAGTGCACCTCAGGG Wild-type exon 7/intron 7 

LG_028 28 forward GCTCATGGCCACCATTGCC Wild-type exon 8, Mutant exon 8 

LG_029 29 forward ACAGGAACCGAATGCAGCTG Wild-type intron 7/exon 8 

LG_030 30 reverse GCCGCACCTAGAAAGGAGGA Mutant exon 10 

LG_031 31 reverse GCCAGGTTCCAGGAAGCAAT Mutant exon 10 

LG_032 32 forward CCCTCTTGCATACCCCTCAG Mutant intron 4 

LG_033 33 reverse GGAAGGGCAAGGCTGGGT Mutant intron 7 

LG_034 34 reverse TCCTTGGGGATGTCATAGCCA Mutant exon 9 

LG_035 35 forward TCACCATCCTGAAGTGCACC Mutant exon 7/intron 7 

LG_036 36 reverse CCACGGTGCACTTCAGGA Mutant exon 7/intron 7 

LG_037 37 forward GTCCCTGGGGGATTACTCTCTA Mutant exon 3 

LG_038 38 forward GTCAAGCAGCAGCTGAAGCA Mutant exon 6 

LG_039 39 reverse CTTAGGGATGTCATAGCCGG Wild-type exon 9, Mutant exon 9 

LG_040 40 reverse AGTCCACCCACTTTTGGATC Wild-type exon 2, Mutant exon 2 

LG_041 41 forward TTCCTACAGCCTAACCTTCCCA Wild-type exon 1, Mutant exon 1 

LG_042 42 forward CAATGGAAGCTCCGGAAGC Wild-type exon 1, Mutant exon 1 

LG_043 43 reverse CATTTAGCATATGGGGTCGGC Wild-type exon 2, Mutant exon 2 
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3.2.2  Sequencing 

The published sequence for the mutant Cyp21a1 gene in the C57BL/10SnSlc-H-2aw18 

mouse model34 was sourced from GenBank (accession no. AY613781). Primers were 

designed to be unique to the wild and mutant Cyp21a1 gene and not bind in the Cyp21a2-

ps (Table 3.1). DNA from a Cyp21a1+/+ and a Cyp21a1-/- mouse were used for template. 

Primers 1, 2, 7, 8, 9, 10, 11, 15, 22, 23, 24, 26, and 27 were used to amplify segments of 

the wild allele. Primers 1, 6, 7, 8, 9, 10, 11, 13 and 15 were used to amplify segments of 

the mutant allele. PCR products were purified from electrophoresis gel and sent to the 

Australian Genome Research Facility (AGRF, Westmead) for Sanger sequencing. 

 

3.3  Results 

3.3.1  Genotyping 

The reliability of the genotyping PCR increased when smaller PCR products were 

targeted. The final genotyping methodology utilised the Wang and Storm DNA extraction 

method,44 MyTaq Red PCR enzyme pre-mix and Primers 22 and 23 (10µM) for the wild-

type allele (832bp) and 34 and 35 for the mutant allele (474bp). The final cycling 

conditions were 95°C 120sec; 35 cycles of 95°C 20sec, 60°C 30sec, 72°C 120sec; 72°C 

80sec. 

 

3.3.2  Sequencing the wild-type and mutant gene 

Unlike the published mutant Cyp21a1 gene sequence (GenBank accession no. 

AY613781), intron 1 of the mutant gene was found to have the same sequence as the 

published reference sequence for the wild-type Cyp21a1 gene (NC_000083.7). Therefore, 
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there was an additional cytosine in the middle of intron 1 not present in the published 

mutant Cyp21a1 gene (c.204-33_204-34insC) (Figure 3-3). This was of particular 

importance for Chapter 6, as it fell within a PAM site target sequence for Cas9 which was 

used for gene editing. Additionally, there was a second location where the sequenced 

mutant gene matched the wild-type sequence rather than the published mutant sequence, 

however this did not have downstream implications. There was a guanine inserted 6 base 

pairs upstream of exon 1 (c.-15_c-16insG) (Figure 3-4).  The mutant gene was otherwise 

accurate to the published mutant sequence.  
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Figure 3-3 Sequencing intron 1 from mutant allele.  

Sequencing revealed c.204-33_204-34insC. The sequence in the mutant intron 1 was consistent with the published wild-type sequence, and not 

the published mutant sequence.  
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Figure 3-4 Sequencing 5’ UTR of mutant allele.  

Sequencing revealed c.-15_c-16insG. The variant in the published mutant sequence 5’UTR was not present in the sequencing and was consistent 

with the published wild-type 5’UTR.  
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3.3.3  Increased homozygous neonatal survival 

Prior to steroid rescue, no homozygous pups were detected, including recovered stillborn 

carcasses. Steroid rescue was commenced in February 2021 and survival rates were 

closely monitored until August 2021. In that time 25 dams had 48 litters that were treated 

with steroids. Twenty-three litters were delivered to experienced dams (one or more 

previous pregnancies) with 9/25 primiparous litters and 15/23 multiparous litters 

containing surviving homozygotes. From these litters 296 mouse pups reached 3 weeks 

of age following steroid treatment. Of these pups, 81 were determined to be wild-type, 

147 were heterozygous and 41 were homozygous. Assuming 100% survival of wild-type 

and heterozygous pups which should make up 75% of the total births, the survival rate 

was estimated to be 48% in homozygous mice (41/85) (Table 3-2), although the survival 

rate for this colony has fluctuated over time from 35-50%. The survival rate was lower in 

litters from inexperienced dams (35%) and higher with experienced dams (50%). Male 

homozygous offspring had a 2-fold higher survival rate than female homozygous 

offspring.  

 

Table 3-2 Survival of pups born to 48 litters. 

 +/+ +/- -/- Total 

Surviving pups 81 147 41 296 

Expected birth rate 25% 50% 25%  

Expected number if 100% survival of 

homozygous 

81 147 85 313 

Survival rate   41/85 

(48%) 

 

Abbreviations: +/+, wild-type; +/-, heterozygous; -/-, homozygous. 
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3.3.4  Body weight and adrenal cortex hyperplasia 

Adrenal glands were harvested from adult wild-type and homozygous mice. At the time 

of harvesting, the median body weight for the wild-type controls was 22.5g for females 

and 30.9g for males. The median body weight for untreated 21-hydroxylase deficient 

mice was 22.4g for females and 28.9g for males. The median bilateral adrenal mass was 

2.6 times greater in 21-hydroxylase deficient females and 3.4 times greater in males 

compared with wild-type adrenal glands (Figure 3-5A and B). There was a relationship 

between body weight and absolute adrenal mass in the homozygous mice (Figure 3-5C), 

therefore the adrenal mass is presented as both absolute mass and mass relative to body 

weight (Figure 3-5B to D). No strong correlation was demonstrated between adrenal mass 

and age (Figure 3-5E to F).  
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Figure 3-5 Adrenal size in adult mice.  

A. Total bilateral adrenal mass. B. Adrenal mass represented as a percentage of total body 

weight. C. Relationship between body weight and bilateral adrenal mass. D. Relationship 

between body weight and relative adrenal mass. E. Relationship between age and bilateral 

adrenal mass. F. Relationship between age and relative adrenal mass. Abbreviations: +/+, 

wild-type; +/-, heterozygous; -/-, homozygous; ♂, male; ♀, female; ns, not significant.  

Individual data points are shown. Error bars in A and B represent median and interquartile 

range. * p<0.05, ** p<0.01 on Mann-Whitney U test or linear regression modelling.  
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Haematoxylin and eosin-stained adrenal sections revealed that cells of the zona 

fasciculata were enlarged with increased cytoplasm and the zone was expanded in 

homozygous mice compared with wild-type mice (Figure 3-6). Due to the irregular shape 

of the 21-hydroxylase deficient adrenal glands it was challenging to ensure sections 

included medulla. 

 

 
Figure 3-6 Wild-type and mutant adrenal histology.  

Haematoxylin and eosin-stained sections of representative murine adrenal glands 

demonstrating irregular shape and enlarged, pale cytoplasm in the homozygotes, 

particularly in the zona fasciculata cells. The scale bar represents 100 µm. Slide scanning 

and image exportation by Eva van Dijk, GTRU, CMRI and Clare Loudon, ProCan Cancer 

Pathology, CMRI. 
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3.3.5  Steroid profiles 

There was significantly elevated progesterone and reduced corticosterone and aldosterone 

in homozygotes compared with wild-type and heterozygotes. Aldosterone was 3.3-fold 

lower in homozygous females compared with wild-type and 2.5-fold lower in males 

(Figure 3-7A). In the homozygotes, corticosterone was 23-fold lower in females and 12-

fold lower in males compared with wild-type (Figure 3-7B).  The homozygotes had 

progesterone 28-fold higher and 42-fold higher than wild-type in females and males, 

respectively. Heterozygotes males had 1.9-fold elevated progesterone compared with 

their wild-type counterparts and their progesterone levels were similar to wild-type 

females (Figure 3-7C). The homozygotes also had elevated progesterone-to-

corticosterone ratios (Figure 3-7D). No female mice had elevated androgens, regardless 

of genotype (Figure 3-8). Median serum testosterone was 3-fold higher in wild-type males 

compared to homozygous males. 
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Figure 3-7 Steroid profiles in adult mice.  

A. Serum aldosterone. B. Serum corticosterone. C. Serum progesterone. Call-out box has 

homozygous samples removed to demonstrate the mild elevation in heterozygous male 

serum progesterone. D. Progesterone-to-corticosterone ration. Call-out box has 

homozygous samples removed to demonstrate the mild elevation in heterozygous male 

serum progesterone-to-corticosterone ratio. Individual data points are shown. 

Abbreviations: +/+, wild-type; +/-, heterozygous; -/-, homozygous; ♂, male; ♀, female; 

ns, not significant. Error bars represent median and interquartile range. * p<0.05, *** 

p<0.001, **** p<0.0001 on Mann-Whitney U test.  
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Figure 3-8 Serum testosterone in adult mice.  

No female mouse had elevated serum testosterone regardless of genotype. Individual data 

points are shown. Abbreviations: +/+, wild-type; +/-, heterozygous; -/-, homozygous; ♂, 

male; ♀, female; ns, not significant. Error bars represent median and interquartile range.  

 

 

3.3.6  Hydrocephalus 

Hydrocephalus was noted in the mouse colony, with generational anticipation. The first 

mice noted to have hydrocephalus that was impacting their quality of life were 10-11 

months of age. In later generations, hydrocephalus was the reason for termination at 

younger ages from 4-5 months, then 10-12 weeks then 6-8 weeks. The pedigree was 

followed to determine likely founder mice and these were removed from the breeding 

colony (Figure 3-9). The colony was refreshed by crossing heterozygous mice with wild-

type black 6 mice (source: Jackson Laboratories) and the subsequent heterozygous off-

spring were used to replace the breeding stock. This combination of approaches was able 

to eliminate hydrocephalus from the colony.  
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Figure 3-9 Hydrocephalus pedigree.  

Representative pedigree of mice affected with hydrocephalus (red). Homozygous 21-hydroxylase deficient mice in this pedigree also shown (blue). 
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3.4  Discussion 

These data show that the H-2aw18 mouse was a suitable model for CAH gene therapy 

through demonstration of a comparative genotype and phenotype to the human disease. 

The genetic basis for disease is similar to humans with cross over from the pseudogene.34 

The mutant gene was sequenced and two variations from the published reference mutant 

sequence were found, one of which had implications for guide selection in Chapter 6. 

Once the colony was able to be genotyped reliably, exogenous steroid rescue was 

introduced. With the subcutaneous steroid regimen, 35-50% of homozygous offspring 

survived the neonatal period with the higher survival rate seen with experienced dams. 

The surviving homozygous mice had higher adult body weight than previously described. 

The phenotype of the CAH mouse model was confirmed, including elevated 

progesterone, low corticosterone, and increased adrenal mass and protocols optimised for 

use in subsequent experiments. Additionally, the model was shown to have low serum 

aldosterone, which had not been previously demonstrated.  

 

The genetic sequence of the mutant Cyp21a1 gene was confirmed by Sanger sequencing. 

There were two nucleotides present in the mutant Cyp21a1 sequence, also present in the 

published wild-type Cyp21a1 sequence that were not present in the published mutant 

Cyp21a1 sequence. This was particularly important for the selection of PAM and guide 

target sequences in Chapter 6. Had the published mutant sequence been used without 

confirmation, the designed guide may not have been effective. This had the potential to 

lead to conclusions that the strategy did not work, rather than the guide sequence being 

incorrect. Furthermore, the other variation in the mutant sequence that was not present in 

the published mutant sequence was upstream of exon 1, potentially in the 
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promoter/enhancer region. However, this was unlikely to affect the promoter/enhancer at 

this locus, as the same sequence is present in the functional wild-type gene.  

 

The survival rate was higher than the previously published 12% survival rate.35 

Homozygous males outnumbered homozygous females in the surviving offspring 

approximately 2:1, implying a survival advantage in males or disadvantage in females. 

Female mice are known to have higher serum corticosterone levels than males,45 so the 

corticosterone deficiency may have had a more profound effect on female mice due to an 

increased absolute requirement. Furthermore, it has been reported that homozygous mice 

have reduced body weight, with homozygous mice weighing ~16g and wild-type controls 

26-28g at the same age.35  In our study, this large discrepancy between the body weight 

of homozygous and wild-type mice was not seen. The management of 21-hydroxylase 

colonies has differed across research centres that have utilised this model. The majority 

administered 5 µg dexamethasone to pregnant dams from day 20 or “late pregnancy” until 

delivery.36, 38, 39, 46 One group continued to administer subcutaneous dexamethasone to 

dams for 7 days post-partum,35 however more recently they changed their protocol from 

giving subcutaneous dexamethasone to providing corticosterone in drinking water to 

pregnant dams (Pierre Bougnères, personal communication, Emeritus Professor, Inserm, 

18th June 2020). Offspring have been variously given 5 µg corticosterone and 0.025 µg 

fludrocortisone subcutaneously daily for two36, 38 or three39 weeks or given 10ug 

corticosterone and 0.05 µg fludrocortisone second daily for two weeks.35 One group 

injected wild-type adrenal homogenate in to pups as survival rate was poor with injected 

steroids (Jonathan B. Rosenberg, Senior Research Associate, Crystal Laboratory, 

personal communication, 12th June 2020). The adrenal glands were comparatively larger 

in our homozygous mice than previously published35 and we hypothesise that this is due 
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to better overall body weight in our homozygous animals, as we found a relationship 

between adrenal size and body weight in the homozygous mice. The reason for the 

improvement in survival and body weight in our colony is unclear, however perhaps it is 

due to our different husbandry practices: pregnant dams commenced dexamethasone 

treatment earlier (day 18), neonatal mice were treated with subcutaneous steroids second 

daily for longer (until age 21 days), pregnant dams and all homozygous mice were 

provided with ad lib salt supplementation, diet gel was offered to lactating dams for the 

first 9-10 days following pregnancy and weaned homozygous mice were housed in  small 

groups, preferentially with other homozygous mice if possible (2-4 mice per cage) to 

minimise resource competition. Reduced resource competition and increased high calorie 

diet supplementation in conjunction with salt-supplementation may have contributed to 

retention of body mass in this model. 

 

We demonstrated that aldosterone is lower in homozygous mice than wild-type, which 

has not previously been shown, confirming the suspected mineralocorticoid deficiency 

suggested by elevated renin expression.35 As the mutant mRNA is prematurely truncated, 

it was expected that this was associated with a severe phenotype and salt-wasting.  

 

The heterozygous mice had a mild biochemical phenotype with mildly elevated 

progesterone which did not appear to impact fertility or survival. Human heterozygous 

carriers of pathogenic CAH variants have an increased 17OHP response to ACTH 

stimulation,47 but do not reliably have elevated basal 17OHP to distinguish them from 

unaffected individuals.48 The murine serum samples were collected during terminal 

exsanguination, which is a physiologically stressful event and expected to result in 

elevated ACTH levels, therefore the serum progesterone levels could be considered to be 
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ACTH stimulated levels. Heterozygous mice were not used in experiments, only in 

breeding and colony maintenance.  

 

The main limitation of this model for human disease is the lack of adrenal androgen 

synthesis in rodents. We confirmed that in 21-hydroxylase deficiency mice do not 

develop hyperandrogenism. One of the hallmarks of CAH is hyperandrogenism, a 

characteristic that is present across the phenotypic severity spectrum. Thus, presence of 

androgen excess including the canonical androgen pathway, backdoor androgen pathway 

and C-11 androgen pathways could not be characterised, nor compared following gene 

therapy treatment. With the absence of adrenal androgen production, we are unable to 

determine if one androgen pathway would be better suppressed following gene therapy 

than another, or if there is an effect on the androgen pathway at all. In lieu of 

hyperandrogenism, elevated progesterone was used as a marker for increased upstream 

products which would be shunted into androgen pathways in the human.  

 

The anatomical phenotype seen in the 21-hydroxylase deficient mice was comparable to 

that seen with humans with CAH: large adrenal glands with disordered histological 

structure, elevated precursor steroids and reduced glucocorticoid and mineralocorticoid 

levels. This model is therefore an appropriate recapitulation of the human CAH disease, 

other than the lack of hyperandrogenisation. Thus, this model was well validated in 

anticipation of use in downstream experimental work, described in later chapters.  
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Chapter 4.1 
 

 

AAV-delivered hepato-adrenal 
cooperativity in steroidogenesis: 
implications for gene therapy for 

congenital adrenal hyperplasia  

 

4.1.1  Preface 

This chapter has been published1 and is reproduced here verbatim. The journal-formatted 

publication is included in the appendix.  

 

Additional detail that was not included in the publication has been added to the chapter-

specific methodology (Section 4.1.4.2.1), and the results have been moved to after the 

methodology for thesis structure. A figure legend has been added for the graphical 

abstract. Figures 4.1-3 and 4.1-8 are additional and were not included in the published 

manuscript.  
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4.1.2  Abstract 

Despite the availability of life-saving corticosteroids for 70 years, treatment for adrenal 

insufficiency is not able to recapitulate physiological diurnal cortisol secretion and results 

in numerous complications. Gene therapy is an attractive possibility for monogenic 

adrenocortical disorders such as congenital adrenal hyperplasia; however, requires further 

development of gene transfer/editing technologies and knowledge of the target progenitor 

cell populations. Vectors based on adeno-associated virus are the leading system for direct 

in vivo gene delivery but have limitations in targeting replicating cell populations such as 

in the adrenal cortex. One strategy to overcome this technological limitation is to deliver 

the relevant adrenocortical gene to a currently targetable organ outside of the adrenal 

cortex. To explore this possibility, we developed a vector encoding human 21-

hydroxylase and directed expression to the liver in a mouse model of congenital adrenal 

hyperplasia. This extra-adrenal expression resulted in reconstitution of the steroidogenic 

pathway. Aldosterone and renin levels normalized, and corticosterone levels improved 

sufficiently to reduce adrenal hyperplasia (Figure 4.1-1). This strategy could provide an 

alternative treatment option for monogenic adrenal disorders, particularly for 

mineralocorticoid defects. These findings also demonstrate, when targeting the adrenal 

gland, that inadvertent liver transduction should be precluded as it may confound data 

interpretation. 



 Chapter 4.1: AAV-delivered human CYP21A2 for hepatic expression in CAH 

  

153 

 

 

Figure 4.1-1 Graphical abstract.  

In the absence of sufficient 21-hydroxylase function, excess progesterone accumulates, 

enters the systemic circulation and travels to the liver. Using rAAV to deliver specific 

hepatically expressed CYP21A2, this could convert the progesterone that reaches the liver 

to deoxycorticosterone, which could then re-enter the systemic circulation, and travel 

back to the adrenal gland to complete steroidogenesis. This resulted in improved 

corticosterone and aldosterone production with reduction in adrenal size and renin 

expression.  
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4.1.3  Introduction 

Little has changed in the treatment for congenital adrenal hyperplasia (CAH) since 

exogenous steroids were first introduced 70 years ago.2-4 CAH encompasses seven 

monogenic disorders of the adrenal that disrupt enzymatic function and result in a 

deficiency of one or more adrenal steroids with compensatory adrenal hyperplasia 

secondary to adrenocorticotropic hormone (ACTH) stimulation.5 Deficiency of 21-

hydroxylase is the most common cause of CAH with a global incidence of classical salt-

wasting CAH estimated to be between 1 in 10,000 to 1 in 22,000.6-8 There is resultant 

deficiency of cortisol and aldosterone, and upstream precursor steroids are shunted along 

the 17-hydroxylase-facilitated pathway to form adrenal androgens in excess causing pre- 

and postnatal virilization.5 While exogenous corticosteroids are life-saving, treatment is 

far from perfect and cannot mimic the diurnal rhythm and physiological control of cortisol 

secretion, resulting in intervals of over- and undertreatment within a 24-h period. Adrenal 

crisis remains the most common cause of death and there is shorter life expectancy in 

those with CAH than the general population.9  

 

Superior treatment options are needed to overcome the burden of disease in CAH.10 As 

current standard management is imperfect, alternative and adjunctive treatment options 

have been explored, including subcutaneous hydrocortisone pumps11, 12 and modified-

release once-daily hydrocortisone.13, 14 Neither of these alternatives is ideal, as pump 

management is complex and the modified-release hydrocortisone has not been shown to 

be superior to standard management.15 Recent success with gene therapy for conditions 

such as spinal muscular atrophy has paved the way for other genetic treatments.16 There 

is a paucity of gene therapy studies targeting the adrenal cortex, despite publication of the 

first pre-clinical gene therapy study for CAH over 20 years ago.10 The murine adrenal 
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cortex lacks 17-hydroxylase expression so does not produce adrenal androgens, and the 

major glucocorticoid in the mouse is corticosterone17: thus in the 21-hydroxylase-

deficient mouse model, serum progesterone levels are elevated rather than 17-

hydroxyprogesterone (17OHP).18 While there is no hyperandrogenism, the model 

otherwise appropriately recapitulates the human classical salt-wasting CAH phenotype 

with inadequate glucocorticoid and mineralocorticoid production to sustain neonatal life. 

Murine studies using intra-adrenal or intravenous delivery of a viral vector with 21-

hydroxylase cDNA has demonstrated short-term improvement in progesterone.19-21 Based 

on these pre-clinical studies a human clinical trial is now under way using a gene addition 

strategy with rAAV5-CYP21A2 (ClinicalTrials.gov: NCT04783181).  

 

However, these studies do not address the rapid cellular turnover in the adrenal cortex. 

The recombinant adeno-associated virus (rAAV) genome is maintained predominantly as 

extra-chromosomal episomes that are lost during cellular replication. Therefore, a gene 

addition strategy using rAAV will not provide a lasting effect.21, 22 Furthermore, the 

development of neutralizing antibodies currently limits the use of rAAV therapy to a 

single treatment.23, 24 For durable adrenal-directed gene therapy, the new genetic material 

must be integrated into the genome of adrenocortical progenitor cells, a feat that is beyond 

current technology due to difficulties in targeting this cell population.10 One strategy that 

could overcome this technological limitation is to deliver ectopic expression of 21-

hydroxylase in a readily targetable organ outside of the adrenal cortex. We explored this 

theoretical possibility by developing an rAAV encoding human 21-hydroxylase 

(CYP21A2) and directing expression specifically to the liver in a mouse model of CAH. 

We hypothesized that hepatically expressed human CYP21A2 could participate in 

steroidogenesis and facilitate downstream adrenal production of corticosterone and 
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aldosterone (Figure 4.1-2A). We found that extra-adrenal expression of a deficient 

adrenocortical enzyme could indeed co-operatively reconstitute adrenal steroidogenesis. 

 

Figure 4.1-2 Study set up to assess hepato-adrenal cooperativity in steroidogenesis.  

A. Hypothesis: in 21-hydroxylase deficiency, the precursor steroid (progesterone in the 

mouse, 17-hydroxyprogesterone in the human) accumulates and enters the systemic 

circulation where it will circulate to the liver. Recombinant AAV-derived human 21-

hydroxylase expressed in the liver will convert progesterone to deoxycorticosterone, 

which will then enter the systemic circulation, reaching the adrenal gland. Enzymes 

downstream of 21-hydroxylase will be unaffected and will be able to complete 

steroidogenesis. B. Recombinant AAV vector genome; liver-specific enhancer-promoter 

(ApoE-hAAT), human 21-hydroxylase cDNA (hCYP21A2), and bovine growth hormone 

poly-adenylated tail (polyA). The scale bar represents 500 base pairs. C. Prior to 

treatment, dried whole blood was collected on to filter paper. Mice (n = 5 male, n = 5 

female) were administered the purified vector intravenously via the tail vein and 

harvested 4 weeks later. AAV, adeno-associated virus. 
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4.1.4  Methods 

4.1.4.1  Animal procedures 

All animal care and experimental procedures were evaluated and approved by the joint 

Children’s Medical Research Institute and The Children’s Hospital at Westmead Animal 

Care and Ethics Committee (Project C381). The C57BL/10SnSlc-H-2aw18 mouse model 

was kindly provided by Toshihiko Shiroishi (National Institute of Genetics) and the 

RIKEN BRC through the National BioResource Project of the Ministry of Education, 

Culture, Sports, Science and Technology, Japan. The H-2aw18 mouse model has 21-

hydroxylase deficiency, which is neonatally lethal.25 Heterozygous (H-2b/aw18; 

Cyp21a1+/−) mice were bred to produce homozygous (H-2aw18, Cyp21a1−/−) offspring. 

Exogenous steroid rescue was required for survival of the homozygous offspring. 

Exogenous steroid rescue was required for survival of the homozygous offspring. Dams 

were examined daily to determine the presence of a vaginal plug, indicating E0.5. All 

dams received 5 μg of dexamethasone (Ilium Dexason, Troy Animal Healthcare) 

subcutaneously daily from gestational day 18 until the birth. Day 19 was the most 

common day of delivery in this colony. All pups received 10 μg corticosterone and 0.05 

μg fludrocortisone subcutaneously from birth second daily until 3 weeks of age. Once 

genotype was available, steroid treatment was ceased prior to 3 weeks of age in non-

homozygous pups. Genotype was determined using a PCR-based assay with genomic 

DNA from toe removal during identification at 9 days of age. Dams, pups, and weaned 

Cyp21a1−/− mice were provided with table rock salt thrice weekly. Cyp21a1−/− pups were 

weaned to small groups with other Cyp21a1−/− animals from the same litter or a single 

non-homozygous littermate to avoid resource competition. Animals were maintained with 

12-h light/dark cycles with free access to standard mouse chow and water.  
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With exogenous steroid rescue, 35%–50% of Cyp21a1−/− offspring survived the neonatal 

period with the higher survival rate seen with experienced dams. This is higher than the 

previously published 12% survival rate.20 Cyp21a1−/− males outnumbered Cyp21a1−/− 

females in the surviving offspring approximately 2:1, implying a survival advantage in 

males or disadvantage in females. Female mice are known to have higher serum 

corticosterone levels than males26 so the corticosterone deficiency may have had a more 

profound effect on female mice due to an increased absolute requirement. The median 

bilateral adrenal mass was 2.6 times greater in Cyp21a1−/− females and 3.4 times greater 

in Cyp21a1−/− males compared with wild-type adrenals.  

 

Prior to injection, a whole blood spot was collected on filter paper between 2 and 4 p.m. 

from a conscious submandibular bleed. Adult Cyp21a1−/− mice received the rAAV8-

CYP21A2 vector at a dose of 5 × 1011 vgc/mouse intravenously via the tail vein. Four 

weeks later the treated Cyp21a1−/− animals were harvested between 2 and 4 p.m (Figure 

4.1-2C). The same method was used to harvest untreated Cyp21a1−/− and wild-type (H-

2b, Cyp21a1+/+) controls. The mice were anesthetized using isoflurane (3%–5%) to 

facilitate open cardiac puncture for blood collection. Blood was collected on filter paper 

and the remaining spun down to collect serum that was stored at −80°C until analysis. 

Following exsanguination, the animal was terminated with cervical dislocation and 

tissues harvested. Tissues for biochemical and molecular analysis were snap frozen in 

liquid nitrogen and stored at −80°C. Samples for immunohistochemistry were fixed in 

4% (w/v) PFA overnight at 4°C and then underwent a sucrose gradient until embedding 

in optimal cutting temperature compound and snap frozen in isopentane chilled in liquid 

nitrogen.  
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4.1.4.2  Vector construction and production 

4.1.4.2.1  Generating rAAV vector encoding hCYP21A2 
The plasmids used for the construction of the CYP21A2 expression vector are listed in 

Table 2-6. The human CYP21A2 cDNA (GenBank: NM_000500.9) was cloned into an 

AAV2 backbone that had an ApoE-hAAT enhancer-promoter (liver-specific) that was 

provided by S. Cunningham22 (Figures 4.1-2B and 4.1-3).  

 

To achieve this, the hCYP21A2 cDNA (GenBank NM_000500.9) was amplified from a 

GenScript ORF clone plasmid using Q5 DNA polymerase. The forward primer 

(LGcons1_007, 5’-TATGATATCGCGGCCGCGCCACCATGCTGCTCCTGGG-3’) 

included EcoRV and NotI sites, followed by a Kozak sequence and the 5’ end of the 

coding sequence for the hCYP21A2 cDNA and the reverse primer (LGcons1_004, 5’-

TATGATATCTCACTGGCTCTGGCCCGGGCTG- 3’) contained an EcoRV site and 

stop codon followed by a reverse complement sequence to 3’ end of the hCYP21A2 

cDNA.. The PCR product was A-tailed and then ligated into a pGEM®-T Easy cloning 

vector with T4 DNA ligase, and bacterially propagated in transformed DH5α cells. The 

insert was confirmed to be correct through restriction digestion and Sanger sequencing.  

Purified plasmid was digested with NotI and EcoRV and the hCYP21A2 fragment that 

now also included cloning sites and a stop codon was purified from electrophoresis gel. 

The recipient AAV2 vector backbone was prepared by digesting out the existing hOTC 

transgene with NotI and EcoRV and purifying the backbone from an electrophoresis gel. 

The hCYP21A2 fragment was then ligated into the prepared recipient backbone using T4 

DNA ligase. The resulting plasmid, designated pAAV2.ApoEhAAT.hCYP21A2 was 

amplified by transforming chemically competent E. coli (DH5α) using heat shock and 

bacterial culture. Plasmid DNA was purified using a commercial kit (Nucleobond Xtra 
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Maxi Kit, Macherey-Nagel). pAAV2.ApoEhAAT.CYP21A2 contained an AAV 

expression cassette of 4729 bp in length which included flanking AAV2 ITRs. Presence 

of the correct insert and ITRs was confirmed with restriction digestion with EcoRV, NotI, 

AvaI, and MscI.  

 

 

 

Figure 4.1-3 Molecular subcloning to generate the CYP21A2 vector plasmid. 

Flow diagram of molecular subcloning steps taken to generate pAAV2-

BB2.ApoEhAAT.hCYP21A2. pAAV2-BB2.ApoEhAAT.hOTC was digested with NotI 

and EcoRV to remove the human OTC transgene. Human CYP21A2 was prepared using 

pGEM T Easy (not shown). The prepared human CYP21A2 transgene was ligated to the 

backbone. AAV2 ITRs (orange) flank the transgene expression cassette. The expression 

cassette contains the liver-specific enhancer/promoter, ApoE hAAT (red and pink), 

human CYP21A2 transgene (blue), bovine growth hormone polyadenylation tail (pA, 

purple). Scale bar = 500 bp. 
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4.1.4.2.2  Vector production 
The vector was packaged by triple transfection of human embryonic kidney 293 cells, as 

previously described,22 and was pseudo-serotyped with the AAV8 capsid (rAAV2/8). 

Vector particles were purified from cell lysate using standard cesium chloride gradient 

centrifugation. Titer was assigned using digital droplet PCR (C1000 Touch Thermal 

Cycler #1851196 and QX200 Droplet Reader #1864003, BioRad) using primers specific 

for the bovine growth hormone polyadenylation tail signal (Table S4.1-1) with QX200 

ddPCR EvaGreen Supermix (BioRad 1864034). The conditions were 95°C for 5 min, 40 

cycles of 95°C for 30 s and 60°C for 1 min, followed by 4°C for 5 min, 90°C for 5 min.  

 

4.1.4.3  Immunohistochemistry 

Frozen liver sections (5 μm) were permeabilized in methanol and then 0.1% (v/v) Triton 

X-100. They were then blocked with 10% (v/v) donkey serum and 10% (v/v) fetal bovine 

serum in phosphate buffered saline without magnesium or calcium (PBS). After washing 

with 0.1% (v/v) Tween 20, the sections were incubated overnight with the rabbit primary 

CYP21A2 antibody (Abcam ab230327) diluted 1:50. After washing with 0.1% (v/v) 

Tween 20, the sections were incubated with the secondary antibody (AlexaFluor Donkey 

anti-rabbit 594, Invitrogen A32754) diluted 1:500, and then counterstained with DAPI, 

diluted to 0.03 μg/mL.  

 

4.1.4.4  Vector copy number determination 

Genomic DNA was extracted from frozen liver using a standard phenol-chloroform 

extraction method. It was digested with restriction enzyme HindIII-HF (New England 

BioLabs R3104L). 
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Vector copy number (vcn) was determined using digital droplet PCR (C1000 Touch 

Thermal Cycler #1851196 and QX200 Droplet Reader #1864003, BioRad) using primers 

specific for human CYP21A2 and murine albumin (Table S4.1-1) with QX200 ddPCR 

EvaGreen Supermix (BioRad 1864034). The conditions were 95°C for 5 min, 40 cycles 

of 95°C for 30 s and 60°C for 1 min, followed by 4°C for 5 min, 90°C for 5 min. The 

CYP21A2 count was normalized to two copies of murine albumin to determine 

vcn/diploid nucleus.  

 

4.1.4.5  Quantitative real-time PCR 

RNA was extracted using the Purelink RNA Mini Kit (Invitrogen 12183018A) and stored 

at −80°C. cDNA was generated from extracted RNA using the SuperScript IV First-

Strand Synthesis System (Invitrogen 18091050) using the Oligo d(T)20 primer and stored 

at −20°C. Primers were used to detect gene expression for CYP21A2 (normalized to 

murine albumin as the reference transcript) in liver, Ren1 (normalized to Tbp as the 

reference transcript) in kidney and Mc2r, the ACTH receptor (normalized to Tbp) in 

adrenal cDNA, (Table S4.1-1). TB Green Premix Ex Taq II (Takara RR82WR) was used 

in the reaction with conditions as follows: 95°C for 30 s, 40 cycles of 95°C for 5 s, 60°C 

for 20 s, and 76°C for 10 s followed by melt 60°C–95°C (Qiagen Rotor-Gene Q).  

 

4.1.4.6  Steroid profiles 

4.1.4.6.1  Serum aldosterone, corticosterone and progesterone 
The steroid calibrators, controls, and isotopically labeled internal standard mix were 

obtained from Chromsystems Instruments & Chemicals Gmbh, Germany. The Optima 
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LC-MS grade solvents including water, methanol, methyl t-butyl ether, acetonitrile, and 

formic acid were obtained from Fisher Chemicals, UK. Internal standard solution was 

added to calibrators, controls, and test samples and organic solvents were used for 

extraction. The extract supernatants were evaporated to dryness under nitrogen in a 37°C 

water bath. After evaporation, the extracted steroids were reconstituted in 50% methanol. 

Steroids were analyzed by ultra performance liquid chromatography-tandem mass 

spectrometry (UPLC-MSMS) using validated in-house developed methods (Waters 

Acquity UPLC and Xevo TQ-S mass spectrometer). 

 

4.1.4.6.2  Whole blood corticosterone 
The dried blood spot samples were collected onto filter paper and were extracted using 

an organic solvent (95% methanol) containing deuterated internal standards for each 

steroid. Whole blood corticosterone was measured using liquid chromatography-tandem 

mass spectrometry (Waters Xevo TQ-S with Acquity UPLC system). 

 

4.1.4.7  ACTH ELISA 

ACTH was measured after thawing snap frozen serum using the Mouse/Rat ACTH 

SimpleStep ELISA Kit as per manufacturer instructions (Ab263880, Abcam). 

 

4.1.4.8  Statistical analysis 

GraphPad Prism 9 was used for statistical analysis and graph production. Non-parametric 

statistical methods including the Mann-Whitney U test were used.  
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4.1.5  Results 

4.1.5.1  Expression of human CYP21A2 in murine liver 
following rAAV-mediated delivery 

An rAAV2/8 vector utilizing a liver-specific promoter with the human CYP21A2 cDNA 

(Figure 4.1-2B) was intravenously delivered to 21-hydroxylase-deficient 

(C57BL/10SnSlc-H-2aw18; Cyp21a1−/−) adult mice, homozygous for a pathogenic variant 

in Cyp21a1, at a dose of 5 × 1011 vector genomes per mouse (Figure 4.1-2C). Four weeks 

after administration, liver transduction was confirmed by vector copy number (vcn) per 

diploid nucleus and vector encoded mRNA detected in the livers of treated Cyp21a1−/− 

mice (Figure 4.1-4A, and B, respectively, and Table S4.1-2). The median vcn/diploid 

nucleus was similar in males and females; however, there was 3-fold higher vector 

transcription into mRNA in males than females, as expected.27 In both sexes, the mouse 

with the lowest vcn/diploid nucleus had the lowest mRNA transcription (Figure 4.1-4C). 

Protein translation was demonstrated by immunohistochemical staining for CYP21A2 

(Figure 4.1-4D). While human CYP21A2 mRNA was detectable in the treated Cyp21a1−/− 

mouse adrenals, levels were 300- to 800-fold lower than native Cyp21a1 mRNA in wild-

type (Cyp21a1+/+) adrenals (Figure S4.1-7A).  
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Figure 4.1-4 Robust delivery to and expression of human CYP21A2 in the murine 

liver.  

A. Vector DNA detected in the livers of treated mice. B. The ratio of vector-derived 

mRNA transcripts to murine albumin transcripts. C. Vector copy number vs. vector 

expression in males (red) and females (black). D. IHC staining demonstrated CYP21A2 

protein (red) in the liver from a representative treated male −/− mouse with 20.5 

vcn/diploid nucleus and transcript mRNA ratio 0.88. Scale bar represents 100 µm. DAPI 

nuclear staining in blue. vcn, vector copy number; IHC, immunohistochemistry; −/−, 

homozygous 21-hydroxylase deficiency; ♂, male; ♀, female; Rx, homozygous 21-

hydroxylase deficient mice that were treated with vector; CYP21A2, human 21-

hydroxylase; mAlb, murine albumin; ns, not significant. Individual data points are shown, 

and error bars represent median and interquartile range. ∗p < 0.05 on Mann-Whitney U 

test. 
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4.1.5.2  Human CYP21A2 expression in the liver co-
operatively improved adrenal steroidogenesis 

Serum aldosterone in the vector-treated Cyp21a1−/− mice was restored to Cyp21a1+/+ 

levels (Figure 4.1-5A; Table S4.1-2). Serum corticosterone in the treated Cyp21a1−/− 

mice was increased 4- to 5-fold compared with untreated Cyp21a1−/− controls; however 

Cyp21a1+/+ serum corticosterone levels were not achieved following vector 

administration (Figure 4.1-5B; Table S4.1-2). Cyp21a1+/+ females had 2-fold higher 

serum corticosterone than their Cyp21a1+/+ male counterparts, as has been previously 

demonstrated by other researchers.26 The change in individual dried whole blood 

corticosterone improved in all but one Cyp21a1−/− mouse (Figure 4.1-5C). Although this 

mouse had the lowest vcn/diploid nucleus, lowest vector expression among the males, 

and lowest serum corticosterone (69.8 nmol/L), vcn/diploid nucleus did not always 

correlate with steroidogenic effect in other treated mice. Progesterone improved in the 

treated Cyp21a1−/− female mice but there was no change in the Cyp21a1−/− male 

progesterone levels (Figure 4.1-5D; Table S4.1-2). The progesterone remained 17- and 

35-fold higher in Cyp21a1−/− females and males than Cyp21a1+/+ levels, respectively.  
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Figure 4.1-5 Improvement in steroidogenesis following hepatic CYP21A2 expression.  

A. Serum aldosterone. B. Serum corticosterone. In the call-out box, +/+ controls were removed to demonstrate more clearly the change in serum 

corticosterone levels in −/− treated vs. −/− untreated. C. Dried whole blood corticosterone before treatment and at harvest in males (red) and 

females (black). D. Serum progesterone. E. Renin expression demonstrated as the ratio of renal renin (Ren1) mRNA transcripts to Tbp transcripts. 

+/+, wild-type 21-hydroxylase sufficiency; −/−, homozygous 21-hydroxylase deficiency; ♂, male; ♀, female; Rx, homozygous 21-hydroxylase 

deficient mice that were treated with vector; Ren1, renin; Tbp, TATA-box binding protein; ns, not significant. Individual data points are shown, 

and error bars represent median and interquartile range. ∗p < 0.05; ∗∗p < 0.01 on Mann-Whitney U test. ∗∗∗p < 0.001 on two-way ANOVA. 
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4.1.5.3  Renin expression normalised and adrenal 
hyperplasia reduced following human CYP21A2 expression 
in the liver 

Given that renin increases in response to reduced renal perfusion and reduced tubular 

sodium content to activate the renin-angiotensin-aldosterone system,28, 29 renin (Ren1) 

expression was measured as a marker of mineralocorticoid function. Ren1 mRNA 

expression in the kidneys was normalized to TATA-box binding protein (Tbp) mRNA as 

the chosen reference housekeeping transcript.20, 30-32 Renin expression was 25- to 30-fold 

higher in untreated Cyp21a1−/− mice compared with Cyp21a1+/+. Renin expression in 

Cyp21a1−/− mice was restored to Cyp21a1+/+ levels following treatment with the vector 

(Figure 4.1-5E, Table S4.1-2).  

 

Female mice are known to have larger adrenal glands than males.26 This pattern remained 

consistent in the Cyp21a1−/− mice with the bilateral adrenal mass 20% higher in 

Cyp21a1−/−  females than Cyp21a1−/− males. Cyp21a1−/− females had adrenal mass 2.6-

fold larger than Cyp21a+/+ females and Cyp21a1−/−  male adrenal mass was 3.2-fold larger 

than Cyp21a1+/+ male adrenal mass. While the effect on corticosterone was partial, there 

was a reduction in size of the bilateral adrenal mass by one-third following treatment in 

both Cyp21a1−/−  males and females (Figure 4.1-6A, Table S4.1-2). The bilateral adrenal 

mass was also measured as a percentage of the total body mass to account for any 

variation in body size and the reduction in adrenal size persisted (Figure S4.1-7B). Upon 

direct macroscopic examination, the adrenal glands from the treated Cyp21a1−/−  animals 

were collapsed and flat, consistent with a reduction in volume, compared with the round 

untreated Cyp21a1−/−  glands. The difference was visible macroscopically (Figure 4.1-

6B). There was no change in the histological architecture of the adrenal cortex following 
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treatment (Figure S4.1-8). 

  
Figure 4.1-6 Reduction in adrenal hyperplasia after hepatic CYP21A2 expression.  

A. Absolute bilateral adrenal mass. B. Macroscopic photographs of representative adrenal 

glands after fat dissection. +/+, wild-type 2-hydroxylase sufficiency; −/−, homozygous 

21-hydroxylase deficiency; ♂, male; ♀, female; Rx, homozygous 21-hydroxylase-

deficient mice that were treated with vector. Individual data points are shown, and error 

bars represent as median and interquartile range. ∗∗p < 0.01 on Mann-Whitney U test. 

 

Blood was collected during exsanguination causing physiological stress. The difference 

in maximal ACTH secretion in the treated Cyp21a1−/− mice was not statistically 

significant compared with the untreated Cyp21a1−/− mice (Figure S4.1-7C). Due to the 

short half-life of ACTH, expression of the ACTH receptor (Mc2r) was also examined. 

Although the expression of Mc2r did not change in the female mice following treatment, 

expression was reduced by 28% in treated Cyp21a1−/− male mice compared with 

untreated Cyp21a1−/− (Figure S4.1-7C).  
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4.1.6  Discussion 

The adrenal cortex is an attractive gene therapy target, but its challenging biological 

properties have yet to be surmounted by contemporary gene delivery technology. Adeno-

associated virus has natural tropism for the liver and is a logical target for gene therapies. 

Our approach exploits this characteristic with good clinical effect. This study 

demonstrated that extra-adrenal expression of human CYP21A2 facilitated by rAAV gene 

delivery to the liver successfully conferred hepato-adrenal co-operativity in 

steroidogenesis resulting in significant phenotypic correction in a 21-hydroxylase-

deficient mouse. In adults with completed liver growth, this strategy overcomes the 

limitations imposed by adrenocortical cellular turnover, rAAV gene delivery, and 

targeting stem/progenitor cell populations that are not fully characterized.10, 21 

Mineralocorticoid function was restored and glucocorticoid production improved. This is 

the first study that has looked at the effect of rAAV-mediated adrenocortical gene delivery 

to the liver. Based on these data, this strategy could provide a treatment option for 

mineralocorticoid disorders such as aldosterone synthase deficiency; however, requires 

further development for use in disorders that impact glucocorticoid production. This study 

also highlights a need for caution in the interpretation of the effects of systemically 

administered therapies that may result from inadvertent liver transduction. 

 

The clinically relevant outcomes of our strategy include improved steroidogenesis with 

subsequent phenotypic benefit. Restoration of aldosterone production would likely result 

in resolution of the salt-wasting component of the phenotype and therefore could improve 

the clinical phenotype from severe salt-wasting to simple virilizing CAH. This is 

important as the most severe form, salt-wasting CAH, has a higher mortality rate than 

milder phenotypes.33 While blood pressure and urine sodium were unable to be measured, 
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renin expression was considered an appropriate surrogate marker for mineralocorticoid 

function. Following normalization of aldosterone production, renin expression in the 

kidney also normalized. The aldosterone likely allowed appropriate salt retention, which 

removed stimulation on the renin-angiotensin-aldosterone system and thus increased 

renin expression was no longer required.  

 

Aldosterone is produced in picomolar serum concentrations, whereas corticosterone is 

produced in nanomolar concentrations. This means the amount of aldosterone required 

for physiological normalization is 1,000-fold less than corticosterone and is therefore 

more achievable. Corticosterone production improved 4- to 5-fold in the treated 

Cyp21a1−/− mice compared with untreated Cyp21a1−/− mice. However, it was still only 

40% of wild-type level in males and 22% of wild-type level in females. Despite the 

corticosterone production not reaching wild-type levels, the increased corticosterone 

production was sufficient to reduce the hypothalamic-pituitary-adrenal axis stimulation, 

demonstrated by a reduction in adrenal size. As the serum was collected during a terminal 

procedure, the ACTH level detected was the maximum secretory capacity. When the 

pituitary is subject to chronic corticotropic releasing hormone stimulation from the 

hypothalamus, the pituitary ACTH-producing corticotrophic cells undergo hyperplasia.34 

ACTH secretion is biphasic with the immediate release of stored ACTH followed by 

sustained release of newly synthesized ACTH.35 Untreated Cyp21a1−/− mice had a greater 

maximal ACTH secretory capacity than the treated Cyp21a1−/− mice. This indicates that 

either the storage or secretory capacity of ACTH by pituitary corticotrophs reduced 

following the vector treatment, likely due to reduced hypothalamic stimulation upon the 

pituitary as a direct result of increased corticosterone production by the adrenal cortex. 

Improvement in expression of the ACTH receptor in our Cyp21a1−/− male treatment 



 Chapter 4.1: AAV-delivered human CYP21A2 for hepatic expression in CAH 

  

172 

 

group was similar to that of a previous study in which males and females were combined 

into a single treatment group, although the proportion of males and females in that study 

was not described.20 The finding was not detected in our treated Cyp21a1−/− female group 

demonstrating the importance of documenting both sexes separately as results are not 

generalizable between the sexes.  

 

Despite these improvements, and some reduction in progesterone in the treated 

Cyp21a1−/− females, progesterone remained elevated and if recapitulated in humans 

would be associated with persistent androgen elevation. This could contribute to 

morbidity, particularly in women with CAH, and anti-androgen treatment may be 

required. Elevated progesterone may be required for the continual corticosterone 

production as increased progesterone production by the adrenal cortex allows spill-over 

into the systemic circulation, allowing the precursor to reach the newly expressed 21-

hydroxylase in the liver, and therefore conversion to corticosterone. Should progesterone 

normalize, it is unclear whether that would still provide enough circulating substrate for 

hepatic 21-hydroxylation.  

 

To our knowledge, this is the first study that has examined the effect of rAAV-mediated 

adrenocortical gene delivery to the liver. This could provide an alternative treatment 

option for CAH. The adrenal cortex can regenerate itself when only the capsule remains,36 

from populations of cells located in the capsule and subcapsular region.37 Cells from the 

peripheral layers differentiate into zona glomerulosa cells and then undergo lineage 

conversion as they migrate centripetally to populate the deeper zones until they reach the 

cortico-medullary junction where they apoptose.38-40 While rAAV is the most popular 

vector-based gene delivery system in vivo,41, 42 and has shown long-term durability of 
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expression in the liver of adults,43 one caveat is that it is predominantly episomal. Thus, 

during pediatric organ growth or in organs with life-long cellular turnover such as the 

adrenal cortex, the effect of gene therapy will be transient as the episomal vector genomes 

will be lost during cellular division.21, 22, 44 Moreover, repeated doses of rAAV therapy 

are not currently feasible due to the development of neutralizing antibodies and 

immunomodulatory technology has not yet been clinically validated.23, 24 Thus, effective 

treatment must be durable after a single dose. We have demonstrated that hepatically 

expressed adrenal enzymes are able to contribute to adrenal steroidogenesis, and this gene 

addition approach is directly applicable to adults with monogenic adrenocortical 

disorders. Conventional gene addition strategies using rAAV do not address 

hepatocellular proliferation, which is a particular challenge in the pediatric liver.22, 45 

However, this could be surmounted in the pediatric CAH population, by use of a gene 

editing approach whereby the newly introduced genetic material is stably integrated into 

the host genome, which has been shown to be an effective method to provide durable 

hepatic transgene expression in the growing liver.46  

 

Our study also provides evidence supporting the possibility that enzyme activity from 

inadvertent extra-adrenal organ transduction could contribute to the biochemical effects 

seen when rAAV is used to deliver adrenocortical genes systemically, particularly when 

ubiquitously expressing enhancer-promoters are used. This unrecognized effect may lead 

to misinterpretation of results, attributing delivery of vector to the adrenal cortex as the 

cause of the phenotypic effect rather than vector expressed outside the adrenal gland. A 

persistent effect may be seen despite anticipated adrenal turnover. Despite this, a phase 

I/II clinical trial is under way whereby rAAV5 is used to deliver CYP21A2 with a 

ubiquitous promoter to adults with 21-hydroxylase deficiency (ClinicalTrials.org: 
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NCT04783181), and at least four adults with CAH have been treated thus far.47 Use of 

the rAAV5 capsid serotype and a ubiquitous promoter means that the CYP21A2 will be 

expressed extensively throughout the body, including the liver, and not just in the adrenal 

cortex. Indeed the rAAV5 capsid is used for liver-targeted delivery of factor IX in the 

approved product Hemgenix.48 There is some caution regarding the potential prematurity 

of this clinical trial in CAH, given concerns about safety and durability, particularly when 

traditional inexpensive steroid treatment (although not perfect) can suffice.49  

 

rAAV-delivered extra-adrenal 21-hydroxylase has been previously attempted; however, 

did not achieve statistically significant results.50 To date, most of the pre-clinical gene 

therapy studies for CAH have focused on gene delivery to the adrenal cortex and none 

has proven durability beyond the adrenocortical cellular turnover period.19-21, 51 While one 

group demonstrated a positive effect on the Cyp21a1−/− phenotype for at least 15 weeks 

despite very low levels of residual vector DNA in the adrenal glands,20 another 

demonstrated the effect was transient, lasting only 8 weeks in female Cyp21a1−/− mice.21 

Use of a ubiquitous promoter can allow persistent expression of vector-derived DNA 

delivered to stable organs such as liver and muscle, implicating expression of vector from 

sites external to the target organ.52 In non-human primates that were treated with rAAV5-

CYP21A2, the vector DNA in adrenal glands waned with time and there was more vector 

DNA and transgene expression in the liver than adrenal glands.53 While our CYP21A2 

vector had a liver-specific promoter, a very small amount of CYP21A2 mRNA was 

expressed in the adrenal gland at detectable levels. However, it was up to 800-fold lower 

than native Cyp21a1 expression in wild-type adrenal glands and therefore unlikely to 

have exerted a clinical effect. Our study demonstrated that CYP21A2 specifically 

expressed in the liver can exert a steroidogenic effect, implying that some of the effect 
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seen in other studies may have been due to 21-hydroxylase expressed extra-adrenally. 

Female mice have a more rapid adrenocortical cellular turnover rate than males (3 months 

vs. 9 months).54 Use of predominantly male mice may also prolong the duration of effect 

of rAAV gene delivery to the adrenal cortex. Ours is the first pre-clinical adrenocortical 

gene therapy study to report male and female data separately. It is known that female 

mice have larger adrenal cortices due to a larger zona fasciculata and as such, have higher 

corticosterone levels at baseline.26 Therefore, we considered it important to demonstrate 

the changes following gene therapy in both sexes.  

 

While human clinical translation is plausible, the approach described would require 

refinement. From a gene delivery perspective, this would include pseudo-serotyping the 

rAAV vector with a highly human liver tropic capsid such as the AAV-SYDs55 or AAV-

LK03,56 ather than the murine liver tropic AAV8 capsid serotype. This in turn would 

facilitate the use of lower vector doses with an associated reduction in unwanted immune-

mediated adverse events currently being observed in high-dose rAAV trials, such as 

thrombotic microangiopathy. These are being increasingly well managed with short 

courses of glucocorticoids and other immune-modulating drugs.57, 58 No other changes to 

the vector construct are likely to be required, such as inclusion of an inducible promoter-

enhancer, given that upstream and downstream glucocorticoid production remains under 

physiological control. In women with CAH, as already discussed, the only other 

refinement would be inclusion of strategies to manage ongoing elevation of androgens 

and related sequelae with or without stress precautions in both sexes.  

 

With current technology, simple gene delivery to the adrenal cortex using rAAV will not 

have a durable effect. We have demonstrated an alternative whereby adrenocortical genes 
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can be delivered to a stable organ outside of the adrenal cortex using contemporary 

technology. The future of adrenal-directed gene therapy is to stably integrate new genetic 

material into the genome of adrenocortical progenitor cells such that the daughter cells 

maintain the correction.10 This method is impeded by the difficulty in identifying 

adrenocortical progenitor cells, which is required for the development or discovery of 

rAAV capsids that can transduce this cell population. Alternatively, a method that allows 

rAAV to evade the immune system would allow repeated administration of rAAV without 

the need to target the elusive progenitor population.  

 

We have demonstrated that specifically expressing human CYP21A2 in the livers of 21-

hydroxylase-deficient mice can correct the CAH phenotype through hepato-adrenal 

cooperativity in steroidogenesis with resultant normalization of aldosterone production 

and renin expression, and sufficient improvement in corticosterone production to allow 

reduction in adrenal gland hyperplasia. This strategy has the potential to overcome the 

current technological limitations of direct adrenal cortex targeting with rAAV. While this 

could be directly applied to an adult population with completed liver growth, it would 

need to be adapted to a gene editing approach for a durable effect in the pediatric CAH 

population. This work also demonstrates that extra-adrenal 21-hydroxylation has a 

meaningful clinical effect and any biochemical effect seen when utilizing systemically 

delivered rAAV with a ubiquitous promoter-enhancer cannot be definitively attributed to 

adrenal 21-hydroxylase expression.  
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4.1.7  Supplementary figures and tables 

 

Figure S4.1-7 Supplementary figures.  

A. 21-hydroxylase mRNA transcripts. Native murine Cyp21a1 transcripts in the adrenal 

gland or vector-derived human CYP21A2 transcripts in the liver or adrenal gland of 

vector-treated mice are shown as a ratio to Tbp transcripts. B. Relative bilateral adrenal 

mass as a ratio to body weight as a percentage to account for any variation in body size. 

C. Serum ACTH. D. ACTH receptor (Mc2r) transcripts normalised to Tbp. 

Abbreviations: +/+, wild-type 21-hydroxylase sufficient controls; -/-, homozygous 21-

hydroxylase deficient controls; ♂, male; ♀, female; Rx, homozygous 21-hydroxylase 

deficient mice that were treated with vector; Liv, liver; Adr, adrenal; ACTH, 

adrenocorticotropic hormone; Tbp, TATA-box binding protein; Cyp21a1, murine 21-

hydroxylase; CYP21A2, vector-derived human 21-hydroxylase. Individual data points 

are shown, and error bars represent as median and interquartile range. * p<0.05 and ** 

p<0.01 on Mann-Whitney U test. 
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Figure S4.1-8 Additional figure: adrenal histopathology. 

Haematoxylin and eosin stained histopathological sections from representative adrenal glands. Homozygous 21-hydroxylase deficient adrenal 

glands were larger and had increased thickness of the cortex compared with wild-type. The glands had inconsistent shapes. Adrenocortical cells 

had dilated cytoplasm. Abbreviations: +/+, wild-type 21-hydroxylase sufficient controls; -/-, homozygous 21-hydroxylase deficient controls; Rx, 

homozygous 21-hydroxylase deficient mice that were treated with vector. Scale bar represents 200uM in top row, 50uM in bottom row. 
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Table S4.1-1 Primers. 

Purpose Target Sequence (5’-3’) 

Genotyping (PCR) Wild-type 

Cyp21a1 allele  

ACCACCCTGAGGTGCACT 

GGGAGATTGATGCCAGCATAAG 

Mutant 

Cyp21a1 allele 

TCCTTGGGGATGTCATAGCCA 

TCACCATCCTGAAGTGCACC 

Vector genome titre 

(ddPCR) 

Bovine growth 

hormone polyA 

GCCTTCCTTGACCCTGGA 

ACTCAGACAATGCGATGCAA 

Vector genome copies 

(ddPCR) and 

CYP21A2 expression 

(qPCR) 

Human 

CYP21A2 

TACCTCACCTTCGGAGACAA 

CCACGATGTGATCCCTCTTC 

Vector copy number 

normalisation 

(ddPCR) 

Albumin AACTGCTACTCCCCTCCTAC 

TTTACCCCAGTGCAGGAAAG 

Albumin expression 

(qPCR) 

Albumin TACAGCGGAGCAACTGAAGA 

TTGCAGCACAGAGACAAGAA 

Renin expression 

(qPCR) 

Ren1 CTCTGGGCACTCTTGTTGCT 

AGAAGGCATTTTCTTGAGCG 

ACTH receptor 

expression (qPCR) 

Mc2r TTTCTCAGTCATCTTGCCGA 

ATGCTCCTCTCCTTGGCTTT 

Cyp21a1 expression 

(qPCR) 

Murine wild-

type Cyp21a1 

ACAGGAACCGAATGCAGCTG 

CTTAGGGATGTCATAGCCGG 

TATA-box binding 

protein expression for 

normalisation (qPCR) 

Tbp CCCTTGTACCCTTCACCAATGAC 

TCACGGTAGATACAATATTTTGAAGCTG 

 

Table S4.1-2 Median values for results presented in figures.  

Measurement Genotype Treated Male Female 

Vector DNA (vcn/diploid nucleus) -/- Yes 13.1 12.3 

Vector RNA (ratio of CYP21A2 mRNA 

transcripts to albumin transcripts) 

-/- Yes 0.79 0.20 

Serum aldosterone (pmol/L) +/+ No 784 1056 

-/- No 341 390 

-/- Yes 1206 1360 

Serum corticosterone (nmol/L) +/+ No 436 987 

-/- No 39 43 

-/- Yes 175 220 

Serum progesterone (nmol/L) +/+ No 12.1 28.6 

-/- No 506 723 

-/- Yes 443 517 

Renal renin expression (ratio of Ren1 mRNA +/+ No 3.5 6.2 
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transcripts to Tbp transcripts) -/- No 129 197 

-/- Yes 5.1 6.5 

Bilateral adrenal mass (mg) +/+ No 3.2 5.1 

-/- No 10.9 13.4 

-/- Yes 7.3 9.5 

Abbreviations: vcn, vector copy number; Tbp, TATA-box binding protein; +/+, wild-type 

21-hydroxylase sufficiency; -/-, homozygous 21-hydroxylase deficiency  
 

 

4.1.8  Author contributions 

The candidate performed the bulk of the work for this chapter and wrote the manuscript. 
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Research (WIMR).  
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Chapter 4.2 
 

  

Recombinant AAV-mediated dual 
adrenal enzyme gene delivery to the 

liver 

 

4.2.1  Introduction 

Chapter 4.1 demonstrated that a hepatically-expressed adrenal enzyme, delivered by 

rAAV, can contribute to adrenocortical steroidogenesis. Additionally, when targeting the 

adrenal gland with systemically administered rAAV vectors, inadvertent liver 

transduction may confound data interpretation. In a mouse model of CAH, delivery of 

rAAV8-CYP21A2 with a liver-specific promoter restored aldosterone production, 

improved corticosterone production, reduced adrenal hyperplasia, and normalised renal 

renin (Ren1) expression. However, progesterone only reduced marginally in females and 

did not change in males. Although corticosterone improved, it did not reach wild-type 

levels.  Most of the enzymatic steps for steroidogenesis occur in adrenocortical cell 

mitochondria1, 2. Steroidogenesis is facilitated by close communication between the 

mitochondria and the endoplasmic reticulum facilitated through mitochondria-associated 

endoplasmic reticulum membranes2, 3. 11ß-hydroxylase (encoded by Cyp11b1) is a 

mitochondrial enzyme, whereas 21-hydroxylase (encoded by Cyp21a1) resides in the 

endoplasmic reticulum. Normally, corticosterone is produced from cholesterol by cells 
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located in the murine zona glomerulosa in a cascade of enzymatic reactions. The final 

step converts microsomal 21-hydroxylase derived 11-deoxycorticosterone to 

corticosterone, and this final step is catalysed by mitochondrial 11ß hydroxylase4.  

 

In the mice treated in Chapter 4.1, progesterone is produced in the adrenal gland, and 

must travel to the liver for conversion to 11-deoxycorticosterone by hepatically expressed 

CYP21A2. For subsequent conversion to corticosterone, the 11-deoxycorticosterone must 

travel back to the adrenal gland to become a substrate for 11ß-hydroxylase. This requires 

the steroid substrates to leave the cell’s closely associated mitochondria and endoplasmic 

reticulum. We hypothesised that co-locating CYP21A2 and CYP11B1 in the same cells 

may facilitate more efficient steroidogenesis, allowing efficient passage of 11-

deoxycorticosterone to CYP11B1 to improve corticosterone production further. Thus 

although the mice were only deficient in 21-hydroxylase, both CYP21A2 and CYP11B1 

were delivered for specific hepatic expression, to determine if this combination could 

further improve corticosterone production and reduce serum progesterone, compared with 

delivery of CYP21A2 alone.  

 

4.2.2  Chapter-specific methods 

Vector copy number determination, quantitative real-time PCR, steroid profiles, ACTH 

ELISA, and statistical analysis were performed as described in Section 4.1.4.  

 

4.2.2.1  Animal procedures: vector dosing 

All mice in the experimental group were treated with 5×1011 vg/mouse rAAV8-CYP21A2 

and 5×1011 vg/mouse rAAV8-CYP11B1, for a total rAAV dose of 1×1012 vg/mouse. 
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Mice were injected intravenously with a stoichiometric mix of both vectors and harvested 

four weeks later.  

 

4.2.2.2  Vector construction and production 

The rAAV8-CYP21A2 vector from Chapter 4.1 was utilised (Section 4.1.4.2).  

 

4.2.2.2.1  Generating rAAV vector encoding hCYP11B1 
For the rAAV8-CYP11B2 vector, human CYP11B1 (hCYP11B1) cDNA (Genbank 

accession no. NM_000497.4) with added NotI and EcoRV restriction sites and a Kozak 

sequence upstream of the hCYP11B1 cDNA, was purchased from GeneWiz (Azenta Life 

Sciences). The hCYP11B1 cDNA was cloned into the same AAV2 backbone plasmid 

(pAAV2-BB2.ApoEhAAT.hOTC) as the previously constructed CYP21A2 plasmid, 

which had a liver-specific ApoE-hAAT enhancer-promoter, to produce the rAAV8-

CYP11B1 vector (Figure 4.2-1). The GeneWiz hCYP11B1 plasmid was digested with 

NotI and EcoRV and the hCYP11B1 fragment was purified from an electrophoresis gel. 

The recipient AAV2 vector backbone was prepared as per Section 4.1.4.2.1. The 

hCYP11B1 fragment was ligated into the prepared recipient AAV2 backbone with T4 

DNA ligase. The resulting plasmid, designated pAAV2-BB2.ApoEhAAT.hCYP11B1 

was amplified by transforming chemically competent E. coli (DH5α) using heat shock 

and bacterial culture. Plasmid DNA was purified using a commercial kit (Nucleobond 

Xtra Maxi Kit, Macherey-Nagel). pAAV2.ApoEhAAT.hCYP11B1 contained an AAV 

expression cassette of 4753 bp in length which included flanking AAV2 ITRs. Presence 

of the correct insert and ITRs was confirmed with restriction digestion with EcoRV, NotI, 

AvaI, and MscI. 
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Figure 4.2-1 Molecular subcloning to generate the CYP11B1 vector plasmid.  

Flow diagram of the molecular subcloning steps taken to generate pAAV2-

BB2.ApoEhAAT.hCYP11B1. pAAV2-BB2.ApoehAAT.hOTC was digested with NotI 

and EcoRV to remove the human OTC transgene. hCYP11B1 cDNA was prepared by 

digesting it from the GeneWiz plasmid with NotI and EcoRV (not shown). The prepared 

hCYP11B1 transgene was ligated to the backbone. AAV2 ITRs (orange) flank the 

transgene expression cassette. The expression cassette contained the liver-specific 

enhancer/promoter, ApoE hAAT (red and pink), human CYP11B1 (dark blue) and bovine 

growth hormone polyadenylation tail (pA, purple). Scale bar = 500 bp. 

 

4.2.2.2.2  Vector production 
The vector was produced using standard triple transfection, purified with a caesium 

chloride gradient and titre was assigned with digital droplet PCR as described in Section 

4.1.4.2.2.5  

 

4.2.2.3  Immunohistochemistry 

Immunohistochemistry slides stained for CYP21A2 protein were prepared as described 

in Section 4.1.4.3. This same method was used to produce the slides stained for CYP11B1 
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protein using the primary rabbit CYP11B1 antibody (Abcam ab197908) diluted 1:50. 

Cryo-sectioning, staining and imaging was performed by Lakshmy Viswanath, research 

assistant.   

 

4.2.3  Results 

4.2.3.1  Human CYP21A2 and CYP11B1 were detected in 
the murine liver 

Vector copy number (vcn) per diploid nucleus in the liver was assigned by digital droplet 

PCR. Liver transduction was confirmed by vcn/diploid nucleus and detection of vector 

encoded mRNA in the livers of treated mice (Figures 4.2-2 A and B). CYP21A2 vector 

copies were detected at lower rates in the dual vector (AAV8-CYP21A2 and AAV8-

CYP11B1) treated mice than the single vector (AAV8-CYP21A2) treated mice. There 

were similar copies of CYP21A2 and CYP11B1 in dual vector treated mice. There was a 

linear association between CYP21A2 and CYP11B1 vector copies in dual vector treated 

mice, suggesting possible dose effect (Figure 4.2-2C). 
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Figure 4.2-2 Delivery and expression of vectors.  

A. Vector DNA detected in the livers of dual vector-treated mice, compared with single 

vector treated mice. B. The ratio of vector-derived mRNA transcripts to murine albumin 

transcripts. C. CYP21A2 vcn vs CYP11B1 vcn. D. CYP21A2 mRNA transcripts vs 

CYP11B1 transcripts. E. CYP21A2 transcripts vs CYP21A2 vector DNA. Abbreviations: 

vcn, vector copy number; Rx1, single vector; Rx2, dual vector; mAlb, murine albumin; 

♂, male; ♀, female; ns not significant, * p<0.05; ** p<0.01. Mann Whitney U test for 

significance in A-B, linear regression modelling for C-E. 
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Vector expression was determined by quantitative PCR following reverse transcription 

and was normalised to murine albumin expression (Figure 4.2-2B). Expression of 

CYP21A2 was 1.6-fold lower in females and 2.5-fold lower in males in the dual vector 

treated mice than in single vector treated. In the dual vector treated mice CYP11B1 

expression was 6.7-fold lower in the females and 4.4-fold lower in the males than 

CYP21A2 expression. CYP21A2 expression was 2.1-fold higher in dual treated males than 

dual treated females. There was a linear association between CYP11B1 expression and 

CYP21A2 expression in males (Figure 4.2-2D).  There was a linear association between 

CYP21A2 vcn and vector expression in the dual treated males, but this association was 

not present in single vector treated males or either female group (Figure 4.2-2E).  There 

was a linear association between CYP11B1 expression and CYP21A2 expression, 

particularly in males (Figure 4.2-2E). There was no association between vcn/diploid cell 

or vector expression and corticosterone (Figures 4.2-3A and B, respectively).  

 

 
Figure 4.2-3 No relationship between serum corticosterone and vector copy 

number or expression. 

A. Serum corticosterone versus CYP21A2 vector copies. B. Serum corticosterone versus 

CYP21A2 vector transcripts. Abbreviations: vcn, vector copy number; Rx1, single vector; 

Rx2, dual vector; mAlb, murine albumin; ♂, male; ♀, female; ns; not significant on linear 

regression modelling. 
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Vector expression was also normalised to Tbp to compare to native Cyp21a1 expression 

in wild-type and untreated 21-hydroxylase deficient mice (Figure 4.2-4). Vector derived 

CYP21A2 expression was 2000-fold higher in the liver than in the adrenal gland of the 

treated mice. Native Cyp21a1 expression was 300-fold higher in the wild-type adrenal 

glands than vector-derived CYP21A2 in treated adrenal glands. Immunohistochemical 

staining demonstrated protein translation of both CYP11B1 and CYP21A2 in the livers of 

the treated mice (Figure 4.2-5 to 4.2-8) and was not present in the untreated control 

(Figure 4.2-9). 

 

 
Figure 4.2-4 Comparing vector-derived and native 21-hydroxylase expression.  

All are normalised to Tbp. A. Liver CYP21A2 expression included. B. Liver expression 

excluded, note that the y axis is split. Abbreviations: +/+, wild-type 21-hydroxylase 

sufficiency; -/-, homozygous 21-hydroxylase deficiency; Rx1, homozygous 21-

hydroxylase deficient mice that were treated with the CYP21A2 vector alone; Rx2, 

homozygous 21-hydroxylase deficient mice that were treated with both the CYP21A2 and 

CYP11B1 vectors; ♀, female; ♂, male; Tbp, TATA-box binding protein. Individual data 

points are shown, and error bars represent median and interquartile range. 
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Figure 4.2-5 Immunohistochemistry slides from females B244, B278 and B286. 

IHC staining demonstrated CYP11B1 (purple) and CYP21A2 protein (red) in the liver of 

treated mice. DAPI nuclear staining in blue. Scale bar represents 100µm. 
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Figure 4.2-6 Immunohistochemistry slides of females B355 and B379.  

IHC staining demonstrated CYP11B1 (purple) and CYP21A2 protein (red) in the liver of 

treated mice. DAPI nuclear staining in blue. Scale bar represents 100µm. 



 Chapter 4.2: Recombinant AAV-mediated dual adrenal enzyme gene delivery to the liver 

  

194 

 

 
Figure 4.2-7 Immunohistochemistry slides from males B223, B245 and B280. 

IHC staining demonstrated CYP11B1 (purple) and CYP21A2 protein (red) in the liver of 

treated mice. DAPI nuclear staining in blue. Scale bar represents 100µm. 
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Figure 4.2-8 Immunohistochemistry slides from males B281, B282 and B349.  

IHC staining demonstrated CYP11B1 (purple) and CYP21A2 protein (red) in the liver of 

treated mice. DAPI nuclear staining in blue. Scale bar represents 100µm. 
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Figure 4.2-9 Immunohistochemistry slides of liver from untreated control. 

IHC staining demonstrated absence of CYP11B1 (purple) and CYP21A2 protein (red) in 

the liver of an untreated control. DAPI nuclear staining in blue. Scale bar represents 

100µm 

 

 

4.2.3.2  Improved steroidogenesis following combined 
expression of CYP11B1 and CYP21A2 over CYP21A2 alone 

Following the addition of CYP11B1 expression in the liver, the corticosterone production 

increased 2.2-fold in females and 1.9-fold in males over the single vector treated mice 

(Figure 4.2-10A). While the corticosterone production in female dual vector treated mice 

was higher than single vector treated and reached that of male wild-type mice, it was only 

48% of female wild-type levels. There was also increased dried whole blood 

corticosterone in the dual vector treated mice compared with the single vector treated 

(Figure 4.2-10B). The aldosterone production significantly increased above that of wild-

type levels in the dual vector treated mice (Figure 4.2-11A). For comparison, two extra 

single vector treated mice were added to the cohort and were found to also have 

significantly increased aldosterone levels compared with the previous cohort of single-
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vector treated mice. Despite this documented increased aldosterone level, renin 

expression was normal in all vector treated mice, indicating this hyperaldosteronism was 

not renin-driven (Figure 4.2-11B). Aldosterone synthase (Cyp11b2) expression was 50-

fold higher in Cyp21a1-/- than wild-type, and this upregulation of Cyp11b2 remained 

markedly elevated post-treatment, despite improved aldosterone production (Figure 4.2-

11C). There was no relationship between serum aldosterone and Cyp11b2 expression in 

the treated mice (Figure 4.2-11D). While the corticosterone production improved, 

progesterone did not (Figure 4.2-11E), although the dual vector treatment did improve 

the ratio of progesterone to corticosterone in the males (Figure 4.2-11F). 

 

 
Figure 4.2-10  Corticosterone production following dual vector delivery.  

A. Serum corticosterone. B. Dried whole blood corticosterone before treatment and at 

harvest. Single vector (black), dual vector males (pink), dual vector females (green). 

Abbreviations: +/+, wild-type 21-hydroxylase sufficiency; -/-, homozygous 21-

hydroxylase deficiency; Rx1, homozygous 21-hydroxylase deficient mice that were 

treated with the CYP21A2 vector alone; Rx2, homozygous 21-hydroxylase deficient mice 

that were treated with both the CYP21A2 and CYP11B1 vectors; ♀, female; ♂, male; ns 

not significant. Individual data points are shown, and error bars represent median and 

interquartile range. * p<0.05, ** p<0.01, *** p<0.001 on Mann Whitney U test.  
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Figure 4.2-11 Aldosterone and progesterone following dual vector delivery.  

A. Serum aldosterone. B. Renin expression demonstrated as the ratio of renal renin (Ren1) 

mRNA transcripts to Tbp transcripts. C. Aldosterone synthase expression demonstrated 

as the ratio of adrenal Cyp11b2 mRNA transcripts to Tbp transcripts. D. No relationship 

between Cyp11b2 expression and serum aldosterone in treated mice. E. Serum 

progesterone. F. Ratio of serum progesterone to serum corticosterone. Abbreviations: 

+/+, wild-type 21-hydroxylase sufficiency; -/-, homozygous 21-hydroxylase deficiency; 

Rx1, homozygous 21-hydroxylase deficient mice that were treated with the CYP21A2 

vector alone; Rx2, homozygous 21-hydroxylase deficient mice that were treated with both 

the CYP21A2 and CYP11B1 vectors; ♀, female; ♂, male; Ren1, renin; Tbp, TATA-box 

binding protein; Cyp11b2, aldosterone synthase; ns not significant. Individual data points 

are shown, and error bars represent median and interquartile range. * p<0.05, ** p<0.01, 

*** p<0.001 on Mann Whitney U test or linear regression modelling.  
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4.2.3.3  Reduction of adrenal hyperplasia 

The improvement in adrenal hyperplasia compared with untreated mice was visible 

grossly (Figure 4.2-12), however the addition of CYP11B1 expression did not further 

reduce the adrenal hyperplasia seen with CYP21A2 vector treatment alone (Figure 4.2-

13A and B). Similarly, the addition of CYP11B1 did not reduce serum ACTH levels 

(ACTH levels would be expected to be stimulated by lethal exsanguination) or ACTH 

receptor expression (Mc2r) (Figures 4.2-13C and D).  

 

 

Figure 4.2-12 Adrenal gland photographs.  

Macroscopic photographs of representative adrenal glands after fat dissection. Top row 

females: wild-type (mouse A386), 21-hydroxylase deficient (B097), single vector treated 

21-hydroxylase deficient (A652), dual vector treated 21-hydroxylase deficient (B355). 

Bottom row males: wild-type (A503), 21-hydroxylase deficient (A560), single vector 

treated 21-hydroxylase deficient (A425), dual vector treated 21-hydroxylase deficient 

(B280). Abbreviations: +/+, wild-type; -/-, 21-hydroxylase deficient; Rx1, single vector 

treated; Rx2, dual vector treated; ♀, female; ♂, male.  
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Figure 4.2-13 Adrenal hyperplasia and ACTH.  

A. Absolute bilateral adrenal mass. B. Bilateral adrenal mass expressed as a percentage 

of total body mass. C. Serum ACTH. D. Mc2r expression demonstrated as the ratio of 

adrenal ACTH receptor (Mc2r) mRNA transcripts to Tbp transcripts. Abbreviations: +/+, 

wild-type; -/-, 21-hydroxylase deficient; Rx1, single vector treated; Rx2, dual vector 

treated; ♀, female; ♂, male; ACTH, adrenocorticotropic hormone; Mc2r, melanocortin 2 

receptor; Tbp, TATA-box binding protein; ns not significant. Individual data points are 

shown, and error bars represent median and interquartile range. * p<0.05, ** p<0.01 on 

Mann Whitney U test. 
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4.2.4  Discussion 

Co-expression of human enzymes CYP21A2 and CYP11B1 in hepatocytes of 21-

hydroxylase deficient mice increased production of corticosterone further than ectopic 

CYP21A2 expression alone, as described in Chapter 4.1. Ectopic 21-hydroxylase 

expression could be an alternative genetic therapeutic option that overcomes the 

limitations of standard rAAV gene therapy in adrenal cortex due to rapid cellular 

turnover. 

 

Vector expression in the liver was higher in males than in females. This is a known 

phenomenon in mice,6 which appears to be related to androgens as castration of male 

mice reduced transgene expression while administration of dihydrotestosterone (DHT) to 

female mice increased transgene expression.6 Although mice with 21-hydroxylase 

deficiency do not produce androgens in excess, humans with CAH experience hyper-

androgenisation and we postulate that if there is an effect on androgens in AAV 

transduction in humans, this could help facilitate improved transgene expression for liver-

directed gene therapy in women. There is no known sex-difference in the expression of 

AAV-delivered transgenes in lung, spleen or kidney.6 It is unclear if there is variation in 

vector expression in the adrenal glands, but as this study used a liver-specific promoter, 

adrenal vector expression was negligible. Chapter 5 demonstrates that vector expression 

in the adrenal is both sex and serotype-dependant, but AAV vectors pseudo-typed with 

the Rh10 capsid had similar expression in both male and female adrenal glands.  

 

Corticosterone production in the mice that received both vectors was approximately 

double that of those that received CYP21A2 alone. Indeed, there was no significant 

difference between the wild-type male corticosterone levels and the dual vector treated 
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males. However, the treated females produced corticosterone at about half that of wild-

type females. Female rodents are known to produce higher levels of corticosterone than 

males.7, 8 Co-expression of two enzymes required for steroidogenesis more closely 

mimics the native condition where 11ß-hydroxylase, expressed in the mitochondria 

receives 11-deoxycorticosterone that has been produced by 21-hydroxylase in the 

endoplasmic reticulum via mitochondria-associated endoplasmic reticulum membranes.2, 

3 The ectopic production of corticosterone is, therefore, probably more efficient when the 

final enzymatic steps are in the same cells.  

 

Restoration of corticosterone would be expected to normalise progesterone production; 

however, this was not the case. Serum progesterone improved in 21-hydroxylase deficient 

mice two weeks after systemic treatment with AAVRh10-CYP21A2 that utilised a 

ubiquitous promoter.9 In a similar study, urine progesterone was significantly improved 

although had not normalised at 5 weeks after AAVRh10-CYP21A2 with a ubiquitous 

promoter.10 Urinary progesterone may not be directly comparable to serum progesterone 

as the major route of excretion of progesterone in mice is via the enteric route.11, 12 

However, it is unclear if the high serum progesterone concentration is required to drive 

flux through the ectopic 21-hydroxylation pathway and if normalisation of progesterone 

would prevent the ectopic production of corticosterone. While corticosterone was 

restored, which could greatly improve the CAH phenotype in humans, persistently 

elevated progesterone suggests that if applied to humans, there would be persistence of 

hyperandrogenism. In humans with CAH, progesterone is 17-hydroxylated to 17OHP 

which will then enter the canonical androgen pathway to produce androstenedione, 

testosterone and DHT (Chapter 1, Figure 1-7). Additionally, the excess progesterone and 

17OHP may provide substrate for the backdoor androgen pathway, with eventual 
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production of further DHT.13  Furthermore, the excess production of androstenedione and 

the 11ß-hydroxylation of 21-deoxycorticosterone and 21-deoxycortisol in the adrenal 

cortex may be used to produce 11-ketoandrostenedione and eventually 11-

ketotestosterone and 11-ketoDHT which are known to have equal potency to testosterone 

and DHT, respectively.14, 15 Thus despite the glucocorticoid and mineralocorticoid “cure”, 

there would remain a hyperandrogenic state, similar to non-classical CAH, which is 

particularly an issue for women. Androgen-receptor agonists could be considered in 

women with CAH.16  Anti-androgen/oestrogen therapy, such as CYP17A1 inhibitors, are 

not appropriate in peripubertal children, pubertal adolescents or adults (unless adults with 

completed puberty take concomitant hormone replacement therapy), as it blocks the 

production of all gonadal sex hormones.16  

 

Despite improved corticosterone production with the addition of CYP11B1 expression in 

the liver, progesterone remained elevated and the corticosterone level in females was only 

half that of wild-type. Higher vector doses were not considered, as there was no 

relationship between vector expression and corticosterone levels in individual mice. 

Furthermore, despite a large difference in vector expression between males and females, 

the absolute corticosterone production was similar. Therefore, this implies that increasing 

the vector dose would be unlikely to have an effect, and we likely reached the pinnacle 

of ectopic adrenal enzyme efficiency with the doses used. This is a limitation of delivering 

new functions to the transduced hepatocytes, rather than a limitation imposed by AAV 

gene transfer. 

 

The serum aldosterone levels were higher in this experiment than Chapter 4.1, so 

variables were examined. The possibility that there were changes in the husbandry of the 
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colony was considered between 2021 and 2022 but none were found. Most of the single 

vector treated mice were treated May – October 2021 whereas the dual vector treated 

mice were treated in March – May 2022 and two additional single vector treated mice 

were treated in June – July 2022. The mice treated in 2022 had much higher aldosterone 

levels than those treated in 2021. There were no changes that we could identify including 

diet, salt supplementation, timing of blood collection or any other known variable. 

CYP11B1 cannot produce aldosterone,17 rather its production is catalysed by aldosterone 

synthase (CYP11B2), and this possibility was negated by the elevated aldosterone in the 

CYP21A2-only treated mice. Cyp11b2 has 40-fold increased expression in 21-

hydroxylase deficient mice compared with wild-type.10 When AAVRh10 was used to 

deliver human CYP21A2 to 21-hydroxylase deficient mice systemically, there was 

persistent elevation in Cyp11b2 up to 18 weeks after treatment. While it was reported in 

this study that Cyp11b2 expression near normalised, inspection of the results revealed 

Cyp11b2 expression was markedly elevated over wild-type, even 18 weeks after 

treatment.10 Aldosterone was not measured in that study, therefore it is unclear if there 

was similar over production of aldosterone. We found similar upregulation of aldosterone 

synthase pre- and post-treatment, which is likely the cause of increased aldosterone 

production above physiological levels. We expect that this would be transient if the mice 

were followed for long enough to allow equilibration. This strategy could be applied to 

mineralocorticoid defects. If CYP11B2 was delivered to the liver in aldosterone synthase 

deficiency, then the aldosterone would only be produced by the transgene as the native 

CYP11B2 would be defective. This would prevent rebound hyperaldosteronism in this 

situation.  
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Renin expression in the 21-hydroxylase deficient mice was increased 20 to 30-fold over 

wild-type, however others found a 120-fold increase.10 We postulate that salt 

supplementation contributed to slightly reduced renin stimulation, and may also be related 

to our improved body mass pre-treatment (see Chapter 3).  

 

General anaesthesia is a physiologically stressful event and in humans with adrenal 

insufficiency, a large dose of hydrocortisone is required on induction.16 Steroids were not 

provided on induction in this experiment to avoid any effect on the measured serum 

steroids. The treated Cyp21a1-/- mice were subjectively more robust than the untreated 

Cyp21a1-/- mice were under anaesthetic, allowing for larger blood volume collection prior 

to cardiac arrest. One untreated Cyp21a1-/- female mouse died on anaesthetic induction, 

prior to cardiac puncture. We postulate that the improved corticosterone production may 

have allowed improved tolerance of the physiological stress associated with general 

anaesthesia.  

 

This approach would need refinement for human clinical translation. While AAV8 can 

transduce the human liver, there are serotypes with much higher human liver tropism such 

as AAV-SYDs, AAV-KPs and AAV-LK03,18-20 and pseudo-serotyping for a highly 

human liver tropic capsid would make this strategy more efficient for human clinical 

translation. This could allow the use of lower total vector doses . Furthermore, for human 

clinical translation, determining the stability of the ITRs is imperative. ITRs are prone to 

large truncations during bacterial propagation, which can affect the amount of therapeutic 

vector in a preparation.21 By treating with vector that is not packaged correctly, the dose 

would need to be increased, exposing the patient to unnecessarily large amounts of 

immunogenic, ineffective vector. Therefore, it is imperative that strategies are developed 
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to minimise acquired mutations in plasmids during bacterial propagation for commercial 

use. Furthermore, this approach has not yet been shown to reduce progesterone levels. It 

would be important to determine if progesterone levels improve after a longer period of 

time post-treatment, and if not, women with CAH would require additional anti-androgen 

treatment in conjunction with the gene therapy.  

 

Specifically expressing human CYP21A2 and CYP11B1 in the livers of 21-hydroxylase 

deficient mice can further correct the CAH phenotype above CYP21A2 alone, through 

hepato-adrenal cooperativity in steroidogenesis, with resultant normalisation of 

corticosterone production in males, 50% of normal corticosterone in females, and 

normalisation of renal renin expression. This strategy has the potential to overcome the 

current technological limitations of direct adrenal cortex targeting with rAAV, and has 

particular relevance to men with classical CAH, where excess androgen is tolerated.  
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Chapter 5 
 

 

Towards determining rAAV capsid 
tropism for the adrenocortical 

progenitor cells  
 

5.1  Introduction 

Gene therapy has the potential to replace standard glucocorticoid treatment in the 

management of CAH whereby the gene coding the defective enzyme is replaced or 

repaired, thus allowing the enzyme expression to increase and overcome the deficiency. 

However, a major obstacle to genome editing is the delivery of editing reagents to the 

appropriate cell population.  

 

Despite gene therapy for monogenic adrenocortical disorders being conceptually 

promising treatment options, there is a paucity of gene therapy studies in the adrenal 

cortex. Thus far, no adrenocortical targeting gene therapy has shown durability of effect 

beyond the cellular turnover period.1-3 The adrenal cortex can regenerate itself4 from 

populations of cells located in the capsular/subcapsular region.5 Cells from the peripheral 

layers differentiate into steroidogenic cells, migrate centripetally while undergoing 

lineage conversion, and finally reach the cortico-medullary junction where they 

apoptose.6, 7 The differentiated cells do not undergo significant cellular replication before 

they apoptose and the cortex is populated from the stem and progenitor cells. There are 
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multiple populations of long-lived stem cells in the adult adrenal capsule and outer cortex. 

Within the capsule are stem cells that variously express Wilms tumour protein homolog 

1 (WT1), and GLI family zinc finger 1 (GLI1), among others.8 Cells expressing GLI1+ 

are the largest population of capsular cells and they give rise to cortical SF1+ progenitor 

and SF1+ differentiated steroidogenic cells of the zona glomerulosa.9, 10 With this 

constant cell renewal, the mouse adrenal cortex is almost entirely replaced in 200 days, a 

process thought to be faster in female mice.11, 12 In an attempt to overcome the limitations 

imposed by the adrenocortical biology and standard rAAV therapy, in Chapter 4, delivery 

of adrenal enzyme transgenes for specific hepatic expression outside the adrenal cortex 

was achieved.13 While this improved the downstream corticosteroid production such that 

there was phenotypic improvement in adrenal size and renin expression, the progesterone 

precursor levels did not reduce, thus adrenal-targeting gene therapy is still sought.  

 

A critical advantage of rAAV is that the AAV2 genome can be cross-packaged into an 

alternate capsid serotype, known as pseudo-serotyping. The rAAV capsid proteins 

determine vector-host interactions, including tissue tropism. There have been no 

systematic studies examining rAAV delivery to the adrenal gland. In the murine adrenal 

gland, Rh10 and AAV9 were compared following intravenous administration, with Rh10 

shown superior2. In another study, AAV2 and AAV9 were compared following intra-

adrenal administration, with AAV9 shown to be superior14. In a non-human primate 

(NHP) AAV1, AAV5 and AAV6 were compared following both intra-adrenal and 

intravenous administration and AAV5 was shown to result in the highest vector levels 

detected in the adrenal gland.15 These limited comparisons are not systematic capsid 

tropism studies and capsid technology has evolved such that unique capsid serotypes have 

been developed which can target relatively specific cell populations with high tropism. , 



 Chapter 5: Towards determining rAAV capsid tropism for durable adrenal-targeting gene therapy 

  

210 

 

Furthermore, there are now over one hundred capsids available due to the rapid expansion 

of the capsid engineering field.16-18 Determining the optimal rAAV serotype for transgene 

delivery to the adrenal cortex is the first step in improving gene therapy delivery, however 

the crucial caveat is that the terminally differentiated adrenocortical cells undergo 

minimal cellular replication and thus targeting the progenitor population is required. 

However, these techniques are yet to be adequately described.  

 

There are multiple populations of long-lived stem and progenitor cells in the adult adrenal 

capsule and cortex. The largest somatic stem population resides in the capsule, expresses 

Gli1 and gives rise to Gli1- cortical progenitor cells.9, 10 Peripheral progenitor cells of the 

subcapsular zona glomerulosa in mice are characterised by nuclear beta-catenin, SF1 

(Nr5a1) and Shh expression and lack Gli1 and Cyp11b2 expression.7, 9 SF1+/Shh+ 

progenitor cells of the zona glomerulosa differentiate into Cyp11b2+ steroidogenic cells 

that produce aldosterone, and then migrate and undergo lineage conversion to become 

Cyp11b1+ steroidogenic cells of the zona fasciculata that produce corticosterone in the 

mouse or cortisol in the human.7, 8 Female mice have 6.3-fold higher rate of proliferation 

in the adrenal cortex than males.12 In juvenile mice, Gli1+ capsular stem cells contribute 

to the differentiated adrenocortical population in both sexes, however by sexual maturity, 

the main source of cells that populate the male murine adrenal cortex are Gli1-, Shh+ 

progenitor cells located in the zona glomerulosa., In females both the capsular stem cells 

and the subcapsular progenitor cells populate the differentiated cortex.12 Therefore, the 

adrenocortical progenitor cells were considered an appropriate target for gene therapy as 

they populate the adrenal cortex in both males and females. In a published study of the 

single cell transcriptome of the hypothalamic-pituitary-adrenal axis in the mouse, a 

population of cycling/dividing adrenocortical cells was found, however progenitor cells 
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were not specifically described.19 This may have been as the progenitor cells did not form 

a distinct cluster and were not specifically examined for; however, it is possible to 

interrogate for cell populations that are present in numbers that are too small to form a 

distinct cluster. 

 

AAV genomes are predominantly episomal and standard gene therapy using rAAV 

vectors, applied to the adrenal cortex, will be lost due to cellular turnover. Furthermore, 

differentiated adrenal cortical cells apoptose without significant cellular replication and 

therefore genome modification of differentiated cells will only provide a transient effect. 

To overcome this, the genomic repair must be integrated into the genome of the adrenal 

progenitor cells, to ensure daughter cells maintain the correction. Genomic editing has 

the potential to provide a robust curative treatment for adrenocortical disorders, although 

current limits in knowledge of the adrenal stem/progenitor cell system precludes its use. 

A gap in the knowledge regarding the characterisation of adrenal stem/progenitor cells 

exists and further information is required to design adrenal-targeting gene therapy vector 

targets.  

 

Despite knowledge of their existence, little is known about the adrenocortical progenitor 

populations and they have not previously been identified in single cell RNA sequencing 

(scRNA-Seq) transcriptomic analysis.19 We postulated that additional ACTH stimulation 

in the context of 21-hydroxylase deficiency may affect the progenitor population. The 

aims of this study were to set the foundation for further investigation into determining 

appropriate capsid choice for adrenal-targeting gene therapy. Firstly, we sought to 

identify the top rAAV serotypes from a known pool of candidates for adrenal cortex 

transduction. Secondly, using 21-hydroxylase deficiency as a model for excessive ACTH 
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stimulation, we  aimed  to compare the adrenal single nuclei transcriptome in wild-type 

and 21-hydroxylase deficient mice and to identify potential adrenocortical progenitor 

cells. This study provides foundations for future downstream study of capsid tropism for 

the adrenocortical progenitor population.  

 

5.2  Chapter-specific methods 

5.2.1  Vectors 

5.2.1.1  AAV testing kit 
A stoichiometric mix of multiple vectors, each with a unique capsid and encoding a 

unique barcode was developed by the Translational Vectorology Research Unit (TVRU), 

CMRI,18 and known as an AAV Testing Kit. This barcode can be detected using next 

generation sequencing and allows for rapid screening of a large number of capsid 

serotypes in individual animals. This kit was expanded to include a total of 67 unique 

capsids (TVRU, CMRI) (Table 5-1). Each vector encodes the same genome except for a 

unique 6 nucleotide sequence, known as a barcode (Figure 5-1). The barcode is within 

the expression cassette and in addition to being detectable in gDNA it is also present in 

mRNA transcripts. This allows the detection of vector “entry” (presence of barcode in 

cellular gDNA) and “expression” (presence of barcode in mRNA). All vectors include an 

eGFP reporter sequence allowing detection of vector expression by 

immunohistochemistry or fluorescence microscopy.  

 

5.2.1.2  Individual vectors  
In the second part of this study, the top capsid serotypes from the capsid kit were chosen 

and delivered as individual vectors to the mice. The vectors were purchased from Vector 
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Genome Engineering Facility (VGEF), CMRI and contained the same genome as those 

in the AAV Testing Kit (Figure 5-1).  

 

Table 5-1 Capsid variants included in the AAV Testing Kit. 

Variant Source Reference 

AAV1 Natural serotype Atchison, et al. 196520 

AAV2 Natural serotype Hoggan, et al. 196621 

AAV3b Natural serotype 
Hoggan, et al. 196621 and Rutledge, 

et al. 199822 

AAV4 Natural serotype Parks, et al, 196723 

AAV5 Natural serotype 
Bantel-Schaal and zur Hausen, 

198424 

AAV6 Natural serotype Rutledge, et al. 199822 

AAV7 Natural serotype Gao, et al. 200225 

AAV8 Natural serotype Gao, et al. 200225 

AAV9 Natural serotype Gao, et al. 200426 

AAV10 Natural serotype Mori, et al. 200427 

AAV11 Natural serotype Mori, et al. 200427 

AAV12 Natural serotype Schmidt, et al. 2008a28 

AAV13 Natural serotype Schmidt, et al. 2008b29 

Rh10 Natural isolate Gao, et al. 200330 

2i8 Rational design Asokan, et al. 201031 

AAV2.hSC1 Peptide display * 

AAV2.hSC10 Peptide display * 

AAV2.hSC2 Peptide display * 

AAV2-FT01 Peptide display Westhaus, et al. 202217 

AAV2-FT11 Peptide display Westhaus, et al. 202217 

AAV2-L1 Peptide display Westhaus, et al. 202332 

AAV2-L2 Peptide display Westhaus, et al. 202332 

AAV2-M1 Peptide display Westhaus, et al. 202332 

AAV2-M4 Peptide display Westhaus, et al. 202332 

AAV2-RC01 Peptide display Westhaus, et al. 202217 

AAV2-RC02 Peptide display Westhaus, et al. 202217 

AAV2-RC06 Peptide display Westhaus, et al. 202217 

AAV2-Retro Peptide display Tervo, et al. 201633 

AAV6.2 Rational design Wu, et al. 200634 

AAV6.TM Rational design Ling, et al. 201635 

AAV-7m8 Peptide display Dalkara, et al. 201336 

AAV9 Full Mutant Rational design * 

AAV-DJ DNA family shuffling Grimm, et al. 200837 
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AAV-DJ8 DNA family shuffling Grimm, et al. 200837 

AAV-PHP.eB Peptide display Chan, et al. 201738 

Anc80 Reconstructed capsid Zinn, et al. 201539 

CAP-B10 Peptide display Goertsen, et al. 202240 

CD15 DNA family shuffling Cabanes-Creus 201941 

CD34-SYD01 DNA family shuffling Cabanes-Creus 201941 

CD34-SYD03 DNA family shuffling Cabanes-Creus 201941 

CD34-SYD09 DNA family shuffling Cabanes-Creus 201941 

h.Lvr6 Natural isolate Cabanes-Creus, et al. 202042 

HRP5 DNA family shuffling Cabanes-Creus 201941 

HRS1 DNA family shuffling Cabanes-Creus 201941 

HRS19 DNA family shuffling Cabanes-Creus 201941 

KP1 DNA family shuffling Pekrun, et al. 201943 

KP2 DNA family shuffling Pekrun, et al. 201943 

KP3 DNA family shuffling Pekrun, et al. 201943 

LK01 DNA family shuffling Lisowski, et al. 201444 

LK02 DNA family shuffling Lisowski, et al. 201444 

LK03 DNA family shuffling Lisowski, et al. 201444 

LK03 HSPG Rational design Cabanes-Creus, et al. 202345 

LK19 DNA family shuffling Lisowski, et al. 201444 

N496D DNA family shuffling Cabanes-Creus, et al. 202046 

NP22 DNA family shuffling Paulk, et al, 2018b47 

NP40 DNA family shuffling Paulk, et al. 2018a48 

NP59 DNA family shuffling Paulk, et al. 2018a48 

NP6 DNA family shuffling Paulk, et al. 2018b47 

NP66 DNA family shuffling Paulk, et al. 2018b47 

NP84 DNA family shuffling Paulk, et al. 2018a48 

NP94 DNA family shuffling Paulk, et al. 2018b47 

R588I DNA family shuffling Cabanes-Creus , et al. 202042 

shH10 DNA family shuffling Klimczak, et al. 200949 

SYD04 DNA family shuffling Cabanes-Creus, et al. 202216 

SYD11 DNA family shuffling Cabanes-Creus, et al. 202216 

SYD12 DNA family shuffling Cabanes-Creus, et al. 202216 

T33 DNA family shuffling Cabanes-Creus 201941 

AAV Testing kit with 67 capsid serotypes developed by the Translational Vectorology 

Research Unit (TVRU, CMRI). 

*Unpublished TVRU research capsid 
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Figure 5-1 Schematic of genome for vectors in the capsid kit.  

Between the ITRs, the sequence included a CMV enhancer (red) promoter (pink), beta 

globin intron (grey), green fluorescent protein sequence (eGFP, green), Woodchuck 

Hepatitis Virus Posttranscriptional Regulatory Element (WPRE, yellow), unique 6 

nucleotide barcode (NNNNNN), bovine growth hormone polyadenylated tail (pA, 

purple).  

 

 

5.2.2  Mouse procedures 

Wild-type C57BL/10SnSlc-H-2aw18 mice50 were used for the capsid study, as they have 

the same background genetics as the 21-hydroxylase deficient mice used in other studies 

in this thesis. The AAV testing kit was administered intravenously to two adult wild-type 

mice: one female, and one male at a dose of 3.25 ×1011 vector genomes (vg) per mouse, 

which is equivalent to a dose of 4.85 ×109 vg per unique capsid per mouse (Figure 5-2A). 

The mice were harvested two weeks later: one adrenal gland was fixed in 4% (w/v) PFA, 

followed by treatment with a sucrose gradient for immunohistochemistry and the other 

adrenal gland was snap frozen in liquid nitrogen for molecular studies. The 7 chosen top 

individual capsid serotypes were administered intravenously to one adult male and one 

adult female wild-type mouse each, at a dose of 5 ×1010 vg per mouse (n=14 total) (Figure 

5-2B). The mice were harvested one week later: the adrenal glands were fixed in 4% (w/v) 

PFA for immunohistochemistry.  

 

For the transcriptomic study, both adrenal glands from one male wild-type, one female 

wild-type, one male 21-hydroxylase deficient and one female 21-hydroxylase deficient 
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adult mice were harvested after anaesthetisation (Figure 5-2C). The fat was dissected 

from the glands before they were snap frozen and subsequently dissociated into single 

nuclei.  

 
Figure 5-2 Schematic of mouse procedures 

A. Two mice were intravenously injected with the AAV testing kit (67 capsid serotypes) 

and harvested 2 weeks later. One adrenal gland was used for molecular studies and one 

for immunohistochemistry. B. The 7 serotypes with the highest functional transduction 

were each injected into individual mice. Adrenal glands were harvested 1 week later for 

immunohistochemistry.  C. Adrenal glands from two wild-type and two 21-hydroxylase 

deficient mice were dissociated into single nuclei preparations and underwent single 

nuclei RNA sequencing. Abbreviations: vg, vector genomes; ♂ male; ♀ female; NGS, 

next generation sequencing; +/+, wild-type; -/-, 21-hydroxylase deficient; snRNA Seq, 

single nuclei RNA sequencing.  



 Chapter 5: Towards determining rAAV capsid tropism for durable adrenal-targeting gene therapy 

  

217 

 

5.2.3  Molecular studies 

5.2.3.1  DNA and RNA preparation for AAV testing kit samples 
5.2.3.1.1  DNA and RNA extraction 
Snap frozen samples were manually homogenised in Buffer RLT Plus (AllPrep 

DNA/RNA Micro Kit, Qiagen, Germany) and then transferred to the QIA shredder spin 

column for centrifugation at 16 000 ×g for 2 min. The spin column was then removed, a 

lid was applied to the tube and centrifuged for a further 3 min at the same speed. The 

supernatant was transferred to an AllPrep DNA spin column and centrifuged at 8000 ×g 

for 30 seconds. The spin column contained DNA and the flow through contained RNA. 

The spin column was moved to a new tube and stored at 4°C until DNA purification was 

continued. The flow through was used for RNA purification. The purification proceeded 

as per the manufacturer’s instructions for the AllPrep DNA/RNA Micro Kit (Qiagen). 

   

Seven hundred and fifty nanograms of total RNA was incubated at 37°C with 2 units of 

TURBO DNase (Cat# AM2238; Invitrogen) for 60 min followed by incubation with the 

DNAse inactivation reagent for 5 min at room temperature. The mixture was centrifuged 

at 10,000 × g for 2 min and the supernatant was used as the purified RNA for cDNA 

synthesis.  

 

5.2.3.1.2  cDNA synthesis 
cDNA was synthesised using the SuperScript™ IV First-Strand Synthesis System (Cat# 

18091050, Invitrogen) as per manufacturer instructions using a gene-specific reverse 

primer (WPRE-R, Table 5-2) to synthesis the AAV encoded transgene cDNA. The 

reactions were made up in a larger volume to allow for increased accuracy. 3 µL of the 2 

µM gene-specific reverse primer WPRE-R, 3 µL of 10 mM dNTP mix and 4 µL nuclease-

free water was added  to 20 µL DNAse treated RNA. The RNA-primer mix was incubated 
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at 80°C for 1 min, 65°C for 5 min and then on ice for 1 min. From this, 10 µL was removed 

and added to a mixture of 3 µL water, 4 µL SuperScript IV buffer, 1 µL 100 mM DTT, 1 

µL RNAseOUT Recombinant RNAse Inhibitor and 1 µL SuperScript IV reverse 

transcriptase (RT+). A second aliquot was added to a mixture the same as previously 

described but without SuperScript IV reverse transcriptase and an additional 1 µL water 

(RT-). Both mixtures were incubated at 53°C for 30 min and then inactivated by 

incubating at 80°C for 10 min.  

 

 

5.2.3.2  Nucleotide barcode PCR amplification 
PCR was used for nucleotide barcode amplification with genomic DNA, RT+ cDNA and 

RT- cDNA samples. Forward primers were barcoded to allow multiple separate PCR 

products to be combined into a single tube for NGS. 50 ng gDNA or 5 µL of cDNA 

reaction was added to 2.5 µL 10 µM barcoded forward primers, 2.5 µL 10 µM universal 

reverse primer (NGS-R), 10 µL Q5 reaction buffer, 1 µL dNPT 0.5 µL Q5 enzyme and 

made up to 50 µL volume with water. The thermocycler reaction conditions were 98°C 

30 sec; 35 cycles of 98°C 10 sec, 62°C 10 sec, 72°C 10 sec; 72°C 2 min. The PCR 

products were run on a 2% (w/v) agarose electrophoresis gel with an expected product 

size of 155 bp. The PCR bands were purified using Wizard SV Gel and PCR Clean-Up 

System (Promega) as per manufacturer instructions. The purified PCR products were 

mixed in a 1.5 mL DNA LoBind Eppendorf with a maximum total DNA 1 µg and sent 

for NGS.  
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Table 5-2 Primers used for cDNA synthesis.  

Primer name Short name Sequence 5’ to 3’ Description  

Universal Reverse 

(NGS)_R 
WPRE-R GGATTTATACAAGGAGGAGAAAATGAAAG 

WPRE gene-specific 

reverse primer for cDNA 

construction.  

BC2-NGS-R NGS-R CAACATAGTTAAGAATACCAGTCAATCTTTCACAAATTTTGTAATCCAGAGG Reverse barcode recovery 

BC_0039_GFP_BC_01 BC_01 GTTCAGCTGGAGTTCGTGACCGCCG 
Forward barcode recovery 

(barcoded with GTTCA) 

BC_0041_GFP_BC_03 BC_03 CTGTAGCTGGAGTTCGTGACCGCCG 
Forward barcode recovery 

(barcoded with CTGTA) 

BC_0042_GFP_BC_04 BC_04 GTATTGCTGGAGTTCGTGACCGCCG 
Forward barcode recovery 

(barcoded with GTATT) 

BC_0043_GFP_BC_05 BC_05 CTAGTGCTGGAGTTCGTGACCGCCG 
Forward barcode recovery 

(barcoded with CTAGT) 

BC_0044_GFP_BC_06 BC_08 ACTGAGCTGGAGTTCGTGACCGCCG 
Forward barcode recovery 

(barcoded with ACTGA) 

BC_0045_GFP_BC_07 BC_09 TCCAAGCTGGAGTTCGTGACCGCCG 
Forward barcode recovery 

(barcoded with TCCAA) 

 Forward primers for barcode recovery are barcoded themselves, to allow multiplexing Next Generation Sequencing.
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5.2.4  Analysis of next generation sequencing results 

The raw NGS data was prepared by Marti Cabanes-Crues from TVRU, CMRI using 

previously published methods.18 The NGS reads were normalised to the final 

concentrations of the kit mix to create normalised entry and normalized expression 

indices. As there were 67 unique capsid barcodes in this kit, each barcode should make 

up 1.47% of the NGS reads in the kit prior to injection. Although the kit was mixed 

stoichiometrically, a normalisation step was taken to account for any variation in 

concentration of the original kit by using these calculations to rank the entry and 

expression:   

Entry index    =  % of NGS reads for given capsid in mouse gDNA 

     % of NGS reads for given capsid in kit pre-injection 

Normalised expression  =  % of NGS reads for given capsid in mouse cDNA 

     % of NGS reads for given capsid in kit pre-injection 

 

5.2.5  Single nuclei dissociation 

Snap frozen adrenal glands were dissociated into single nuclei preparations and the 10X 

Single Nuclei Sequencing samples were processed by Hilary Knowles (Embryology Unit, 

CMRI). Glands were cut into smaller pieces on dry ice to allow buffer to contact tissue 

internal to the capsule. Nuclear lysis buffer (10mM Tris-HCl, 10mM NaCl, 3mM MgCl2, 

0.1% (v/v) IGFEPAL® CA-630 [I8896, Sigma-Aldrich]) was added and the tissue further 

minced. The samples were then incubated on ice for 10 min with frequent mixing by 

pipette. The sample was passed through a 70 µM filter and spun at low speed (500 × g) 

for 10 min at 4°C. The supernatant was discarded, and pellets resuspended in fresh nuclear 

lysis buffer. The samples were spun at 500 × g for 5 min at 4 °C and the process of 

removing the supernatant and resuspending the pellet in lysis buffer was repeated for a 
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total of 3 runs. The final spun sample was then resuspended in 0.4% (v/v) bovine foetal 

serum and passed through a 35 µM flow cytometry filter. Sample concentrations were 

adjusted to obtain an output of 10,000 nuclei/sample. Single nuclei droplet capture was 

obtained using the 10X Chromium Controller. Sample and library preparation was 

performed as specified in the Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 

(Dual Index) protocol (CG000315 Rev D). 

 

5.2.6  Bioinformatic analysis 

The scRNA-Seq library was prepared using 10x Chromium technology and sequenced on 

the Illumina NovaSeq platform. The transcriptome was mapped to the mouse mm10 

reference genome using the CellRanger pipeline, followed by scRNA-Seq analysis using 

the Seurat v4.0 package. Cell types were annotated using a combination of the Clustifyr 

package and manual annotation using gene expression patterns. Manual annotation was 

performed by the candidate, the previous bioinformatic pathway steps were performed by 

Nader Aryamanesh (Bioinformatics Facility, CMRI). The genes used for manual 

annotation are listed (Table 5-3). Adrenocortical progenitor cells were defined as co-

expression of Nr5a1 (encodes SF1 protein), Shh and Ctnnb1 without expression of 

Cyp11b1 or Cyp11b2 (markers of differentiated adrenocortical cells).8-10 

 

Table 5-3 Genes interrogated for manual annotation of clusters. 

Gene Tissue associated 

Abcb1b zFasc 

Adh1 zFasc 

Agtr1a zGlom  

Agtr1b zGlom 

Agtr2 zGlom 

Akr1b7 zFasc 

Akr1cl zFasc 
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Akr1c18 X-zone 

Btg2 zFasc 

Cd300a Macrophages 

Chga Medulla 

Chgb Medulla 

Chrm1 Medulla 

Chrm3 Muscarinic receptor 

Chrna3 Medulla 

Chrnb4 Medulla 

Col1a1 Connective tissue 

Cyp11a1 Steroidogenic cells 

Cyp11b1 zFasc and tZone 

Cyp11b2 zGlom and tZone 

Cyp21a1 zGlom, tZone and zFasc 

Dab2 zGlom 

Dach1 zGlom 

Dbh Medulla 

Gadd45g zFasc 

Gli1 capsular stem cells 

Hmgb3 zGlom 

Igfbp7 zFasc 

Ighm B cells/immune 

Kdr Endothelial 

Mc2r zFasc (and zGlom to lesser extent) 

Me1 zFasc 

Mgarp Adrenocortical  

Npy Medulla 

Nr5a1 Steroidogenic cells and progenitor cells 

Pecam1 Endothelial 

Pik3c2g X-zone 

Pnmt Medulla 

Ptprc Immune 

Rspo3 Adrenal capsule 

S100b Glial 

Sox10 Glial 

Sparcl1 Capsule 

Srd5a2 zFasc 

Star Steroidogenic cells 

Tek Endothelial 

Th Medulla 

Tie1 Endothelial 
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5.3  Results 

5.3.1  rAAV capsid tropism for the adrenal gland 

5.3.1.1  The AAV testing kit delivered GFP expression to the adrenal 
cortex 
Two weeks after intravenous administration of the AAV Testing Kit  containing 67 capsid 

serotypes, adrenal glands were harvested. Immunofluorescence of the gland revealed 

expression of the GFP transgene throughout the adrenal cortex, predominantly in the zona 

fasciculata (Figure 5-3).   

 
Figure 5-3 Demonstration of vector in adrenal gland.  

Immunohistochemically stained adrenal gland from the female mouse treated with the 

AAV testing kit, demonstrating GFP expression (green). Scale bar represents 100 µm.  
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5.3.1.2  Identification of AAV capsids capable of physical 
transduction (cell entry) of the adrenal gland 
The presence of vector genomes in DNA extracted from tissue 2 weeks after treatment is 

consistent with entry of the vector into the cell, but not necessarily whether it is then able 

to express its genetic cargo. Cellular entry (physical transduction) was determined by 

normalising the percentage of barcode reads on a genomic DNA sample to the expected 

percentage from the pre-injection kit concentration for that capsid serotype, as per the 

previously published methodology18 (Figure 5-4). High entry efficiency in the female 

mouse did not necessarily mean high entry efficiency in the male mouse (e.g. NP22) and 

vice versa (e.g. AAV8). Some capsids had relatively similar entry in both the male and 

female mice (e.g. AAV10, Rh10).  
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Figure 5-4 AAV Testing kit entry and expression.  

Heat map showing entry index (physical transduction) and normalised expression 

(functional transduction) for 67 capsid serotypes in murine adrenal glands. 
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5.3.1.3  Identification of capsids capable of functional 
transduction (expression) of the adrenal gland 
Through reverse transcription, cDNA was synthesised from adrenal gland RNA. Next 

generation sequencing of the resultant cDNA revealed the percentage of each capsid 

serotype present, and this was normalised against the percentage of each serotype in the 

injected kit to create the “normalised expression” value. The serotypes that conferred 

enriched expression of the transgene were those with a normalised expression value >1 

(Figure 5-5). Serotype Rh10 has been used in most pre-clinical gene delivery studies in 

the mouse for adrenal targeting and is known to transduce the adrenal zona fasciculata2 

but there were multiple capsid serotypes detected with greater expression efficiency in 

the murine adrenal gland, including NP22, KP3, Anc80, and KP1 in the female and 

AAV8, Anc80 and AAV10 in the male. The 7 capsids with the highest expression overall 

were selected for individual analysis. AAV8, AAV10 and Rh10 are natural serotypes, 

KP1, KP3 and NP22 are engineered capsids and Anc80 is an in silico reconstructed 

ancestral capsid. AAV9 and SYD11 were not chosen for individual analysis as although 

they had high expression in the male, the expression in females was not as high. Similarly, 

for AAV2.hSC1 and AAV2-M1 expression was high in females but not in males so they 

were not chosen for downstream experiments.  

 

Overall, the serotype with the highest median normalised expression was Anc80, 

although the replicates in the male were discrepant with one replicate 3.92 and one 10.12 

(compared with the female replicates of 7.01 and 7.10). The serotype with the second 

highest overall median was NP22, but this capsid performed much better in the female 

samples than the male. KP3 performed similarly to NP22, however the performance in 

the female versus male was more closely matched in KP3 than in NP22. The replicates in 

the male for AAV8 skewed the results as one replicate had a normalised expression index 



 Chapter 5: Towards determining rAAV capsid tropism for durable adrenal-targeting gene therapy 

  

227 

 

of 15.54 and one was 3.09, the latter of which more closely matched the performance in 

the female.  

 
Figure 5-5 Entry index and normalised expression in the serotypes enriched for 

expression.  

AAV capsid serotypes with a normalised expression index of >1 for male and/or female 

samples. The top 7 are highlighted (★).  

 

 

 

5.3.1.4  Evaluation of the seven rAAV capsid serotypes with 
greatest transgene expression 
The functional transduction performance by GFP expression was examined individually 

for the top 7 serotypes: AAV8, AAV10, Rh10, KP1, KP3, NP22 and Anc80 packaged a 

GFP expression cassette (Figure 5-1) and were each delivered to one male and one female 

mouse for a total of 14 mice. The mice were harvested 1 week later. The natural serotypes 

AAV8, AAV10 and Rh10 performed similarly with transduction of the zona fasciculata 
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but minimal transduction of the zona glomerulosa (Figure 5-6). The bioengineered 

serotypes showed some evidence of transduction of cells in the zona glomerulosa, with 

KP3 in the female mouse showing the most evidence of zona glomerulosa transduction 

(Figure 5-7). Anc80 had minimal transduction of the zona glomerulosa, but strong 

expression in the zona fasciculata (Figure 5-8). Generally, AAV appears to preferentially 

transduce the zona fasciculata over the capsule and zona glomerulosa. Many of the capsid 

serotypes appear to have performed better in females than males (particularly the 

bioengineered and reconstructed ancestral capsids), however females have a larger zona 

fasciculata than males, which may be skewing the transduction appearance, as there is 

more cell mass available in the females.  
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Figure 5-6 Natural serotypes with the highest functional transduction of the 

adrenal cortex. 

Immunohistochemistry staining demonstrated GFP expression (green) in the adrenal 

cortex delivered by AAV8, AAV10 or Rh10. ♂, male; ♀, female. Scale bar represents 

100 µm.  
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Figure 5-7 Engineered capsids with the highest functional transduction of the 

adrenal cortex.  

Immunohistochemistry staining demonstrated GFP expression (green) in the adrenal 

cortex delivered by KP1, KP3 or NP22. ♂, male; ♀, female. Scale bar represents 100 µm. 
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Figure 5-8 Reconstructed ancestral capsid with the efficient functional 

transduction of the adrenal cortex.  

Immunohistochemistry staining demonstrated GFP expression (green) in the adrenal 

cortex delivered by Anc80. ♂, male; ♀, female. Scale bar represents 100 µm. 

 

 

Using the pattern analysis tool Xover 3.0 [http://qpmf.rx.umaryland.edu/xover.html],51 

the bioengineered sequences were aligned against AAV1 to AAV12 and Rh10 (Figure 5-

9). There were no apparent commonalities identified when the bioengineered sequences 

were aligned against the parent sequences. Nor were the bioengineered sequences similar 

to the same parent sequence: KP1 and KP3 were closest to parent sequences AAV3, NP22 

was closest to AAV2 and Anc80 was closest to Rh10 (Figure 5-10).  
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Figure 5-9 Bioengineered capsid amino acid aligned with parental sequences. 

The amino acid sequences for the top bioengineered capsids (KP1, KP3, NP22 and 

Anc80) were compared against parental sequences AAV1-12 and Rh10. Large dots 

represent 100% parental match (i.e. the position in question matches only one parent) and 

small dots represent more than one parental match (i.e. the position matches more than 

one parent) at each position. The solid line for each chimera represents the library parents 

identified within the sequence between crossovers. A set of thin horizontal parallel lines 

between crossovers indicates multiple parents match at an equal probability. A mutation 

is recorded as a plus sign when a position of a chimera does not match the corresponding 

position in any parental sequence.  
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Figure 5-10 Measurement of Levenshtein Distance and Effective Mutation. 

Levenshtein distance measures sequence difference between mutants and parents, i.e. 

minimum point mutations required to convert a parent into a mutant. It indicates the 

closeness between mutants and parents. Effective mutation (boxed value) is the minimum 

point mutations required to back-mutate a mutant to its closest parent, i.e. the shortest 

Levenshtein distance to parents. It indicates the closest parent and the actual diversity 

introduced. 

  

 

Using Molecular Evolutionary Genetics Analysis version 11 (MEGA11) software 

[https://www.megasoftware.net/]52 a phylogeny tree was constructed using the maximum 

likelihood method, and included parental sequences AAV1-12, and the engineered capsid 

sequences KP1, KP3, NP22 and Anc80 (Figure 5-11).53 There was a close evolutionary 

relationship between KP3, AAV8, AAV10 and Rh10. Anc80 was closer to KP1 than any 

other engineered capsid.  
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Figure 5-11 Evolutionary analysis of AAV1-12, Rh10, KP1, KP3, Anc80 and NP22 

by Maximum Likelihood method.  

The evolutionary history was inferred by using the Maximum Likelihood method and 

Tamura-Nei model.53 The tree with the highest log likelihood (-33639.37) is shown. 

Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-

Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Tamura-

Nei model, and then selecting the topology with superior log likelihood value. The tree is 

drawn to scale, with branch lengths measured in the number of substitutions per site. This 

analysis involved 17 nucleotide sequences. Codon positions included were 1st + 2nd + 3rd 

+ Noncoding. There were a total of 2229 positions in the final dataset. Evolutionary 

analyses were conducted in MEGA11.52 The AAV serotypes with the most efficient 

functional transduction are highlighted (★). 
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5.3.2  Analysis of the murine adrenal transcriptome 

5.3.2.1  Wild-type murine adrenal gland transcriptome 
Determining capsid tropism to the murine adrenal gland en bloc is the first step to improve 

adrenal transduction with gene therapy, however, a method to identify the adrenocortical 

progenitors is required. Therefore, single nuclei RNA sequencing (snRNA Seq) was used 

to determine whether this cell population could be identified. The transcriptome was 

analysed for 4153 and 4141 individual cell nuclei in the wild-type female and male 

samples, respectively. The snRNA Seq clustering pattern revealed 16 unique clusters by 

the Clustifyr package, two of which were subsequently manually divided (clusters 8 and 

13) (Table 5-4, Figure 5-12). Adrenocortical cells made up 56% (n=2313) and 58% 

(n=2399) of cells in the female and male samples, respectively. There were 3 zona 

glomerulosa and 4 zona fasciculata clusters, and one that had gene markers from both 

zones which was considered transitional. Cluster 8 was difficult to identify, as it expressed 

genes consistent with both endothelial cells and adrenocortical cells, which are not 

expected to originate from the same cell lineage.  
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Table 5-4 Wild-type transcriptome cluster annotation.  

Cluster number Annotation 

0 zGlom2_0 

1 zFasc2_1 

2 zTran_2 

3 zFasc3_3 

4 Endothelial_4 

5 zGlom1_5 

6 Endothelial_6 

7 Medulla_7 

8 

Endothelial_8 

zFasc4_8 

Unknown_8 

9 Medulla_9 

10 Medulla_10 

11 Medulla_11 

12 Macrophage_12 

13 
zFasc1_13a 

zGlom3_13b 

14 Capsule_14 

15 Glial_15 

The Clustifyr package divided the cells into 16 clusters (clusters 0-15), two of which 

were manually split further (cluster 8 and 13). 
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Figure 5-12 Wild-type adrenal gland nuclei transcriptome UMAP.  

Using the Seurat package, 16 distinct cellular clusters were determined when the wild-

type male and female single nuclei transcriptomic data was combined. The Uniform 

Manifold Approximation and Projection (UMAP) non-linear dimensional reduction 

technique with annotated clusters is shown. Clusters 0 and 5 were zona glomerulosa cells 

(zG), clusters 1, 3 and 13 were zona fasciculata (zF) cells and cluster 2 was a mixture of 

zG and zF cells, likely making up a transitional zone. 

 

 

Heat maps were made for all genes listed (Table 5-3), and an example is provided for two 

genes expressed primarily in the zona glomerulosa, Agtr1b and Cyp11b2 (Figure 5-13). 

Additional representative genes are provided for the zona fasciculata, steroidogenic cells, 

endothelial cells, immune cells and the adrenal medulla (Figures S5-22 to S5-25) but the 

complete gene list is not included. Due to the analytical need to start with one sample and 

compare it to the other, the heatmaps were made based on the female analysis, and the 

male heatmaps have 0 as slightly red. Therefore, genes with low expression in the male 

are shown in light red, rather than grey. Endothelial cells express Chrm3 and Pecam1 and 

were used to distinguish the sub-clusters of cluster 8 (Figure S5-24).  
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Figure 5-13 Selected genes highly expressed in by cells in the zona glomerulosa.  

Note 0 on the heat map for the male samples is not grey.  
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5.3.2.1.1  Identification of adrenocortical Shh+ progenitor cells 
Adrenocortical progenitor cells were defined by their expression pattern. The progenitor 

population did not form a distinct cluster. However, cells co-expressing Nr5a1 (encodes 

SF1 protein), Shh and Ctnnb1 that did not express Cyp11b2 or Cyp11b1 (markers of 

differentiated adrenocortical cells from the zona glomerulosa and zona fasciculata, 

respectively) were detected with most located in cluster 0 (zona glomerulosa), consistent 

with SF1+/SHH+ progenitors (Figure 5-14). There were 14 cells with this transcriptomic 

pattern detected in the female adrenals (of 4153 total cells) and 9 cells in the male (of 

4141 total cells). Other genes that were highly expressed by these possible adrenocortical 

progenitor cells included Bcat1 (essential for cell growth), Bicc1 (regulation of gene 

expression during cell differentiation), Daam2 (nervous system development and 

regulation of Wnt signalling), Dzip3 (developmental gene regulation), and Ly6d (B-cell 

progenitor differentiation) (Figure 5-15). Other genes that were expressed by the possible 

progenitor cells are shown (Table 5-5).  
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Figure 5-14 Potential progenitor cells (UMAP).  

Cells that expressed Nr5a1 (encodes SF1 protein), Shh and Ctnnb1 that did not express 

Cyp11b1 or Cyp11b2 were detected. This transcriptomic pattern is consistent with 

adrenocortical progenitor cells. Each cell in the analysis is represented as a single dot and 

this dataset represents male and female cells combined. This figure is a true/false UMAP 

where cells that do not meet the expression pattern criteria are represented in grey (False) 

and cells that do meet the expression pattern criteria for progenitor cells are represented 

in red (True).  

 

 

Figure 5-15 Volcano plots comparing gene expression in progenitor cells to other 

cells.  

Genes that are more highly expressed in progenitor cells compared with the rest of the 

cells in the analysis are on the right of the 0 point on the x axis of the plots. Volcano plots 

were prepared by Eva van Dijk, GTRU, CMRI.  
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Table 5-5 Gene expression in progenitor cells.  

Female Male 

Shh 

Bcat1 

Utp11 

6030469f06rik 

Dzip3 

Ctnnb1 

Gars 

Traip 

Sptb 

Akr1e1 

Hsd3b6 

Itga3 

Fgd1 

Dtwd1 

Mrpl13 

6330411d24rik 

Daam2 

Fat3 

Col23a1 

Kcng3 

Skap1 

Bicc1 

Trp53cor1 

Lancl3 

Ly6d 

Elovl7 

Shh 

Dact1 

6030469f06rik 

Mybpc1 

C77080 

Dyrk1b 

Pygm 

Tcp11l2 

Sorcs2 

Slc25a43 

Sphk2 

Lrrc55 

Bnip3 

Sigmar1 

9330111n05rik 

Gm26559 

Camkv 

Adamts2 

Gm42567 

Msto1 

Genes expressed more highly by cells that met definition for progenitor cells than the rest 

of the cell population of the wild-type samples. 
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5.3.2.2  Analysis of the wild-type and 21-hydroxylase deficient 
transcriptomes 
The transcriptome was analysed for 10 451 and 10 017 individual cell nuclei in the 

Cyp21a1-/- female and male samples, respectively, and clustered with the wild-type cells 

in Section 5.3.2.1. This revealed 22 unique clusters using the Clustifyr package (Table 5-

6 and Figures 5-16, 5-17). Cluster 8, that was difficult to annotate in the wild-type only 

analysis, contributed to endothelial (cluster 5), macrophage (9), zona fasciculata (11), 

capsule (14, 16) and adipocyte (20) clusters in the combined analysis. No progenitor cells 

were identified in the Cyp21a1-/- samples. Cells identified as belonging to the X-zone 

were identified in this analysis (zX_3_21) and were more prominent in the mutant 

samples (Figure 5-17).  

 

 

Figure 5-16 Wild-type and homozygous clusters (UMAP). 

The Clustifyr package divided the combined wild-type and mutant transcriptome cells 

into 22 clusters (clusters 0-21). 
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Table 5-6 Cluster annotations in wild-type and mutant transcriptome.  

Cluster number Annotation 

0 zGlom3_5_0 

1 Endothelial_6_1 

2 zGlom1_5_2 

3 zFasc2_1_3 

4 zGlom2_5_4 

5 Endothelial_8_5 

6 zTran1_13a_6 

7 zFasc1_13a_7 

8 zFasc3_3_8 

9 Macrophages_8_9 

10 Medulla_11_10 

11 zFasc4_8_11 

12 zTran3_1_12 

13 Medulla_7_13 

14 Capsule2_8_14 

15 Medulla_10_15 

16 Capsule1_8_16 

17 Medulla_9_17 

18 zTran2_13a_18 

19 Endothelial_6_19 

20 Adipocytes_8_20 

21 zX_3_21 

The Clustifyr package divided the combined wild-type and mutant transcriptome cells 

into 22 clusters (clusters 0-21). The last number refers to the cluster from this analysis, 

the second last number refers to the cluster the package allocated from the wild-type only 

analysis. 
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Figure 5-17 UMAP showing clusters from each mouse sample.  
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5.3.2.3  Pseudotime trajectory 
The cells of the adrenal cortex undergo lineage conversion as they migrate centripetally. 

A pseudotime trajectory map can show the direction of this lineage conversion in a 

UMAP cluster. Three pathways were determined on pseudotime trajectory analysis 

(Figure 5-18). The shortest pathway stopped in the cluster that was annotated as 

transitional zone. This zone had a high level of mitochondrial genes and may have 

represented poor quality samples. The remaining two trajectories terminate near the X-

zone and towards endothelial cells.  

 

 
Figure 5-18 Pseudotime trajectory analysis. 

The cells used in this analysis were restricted to the clusters identified as adrenocortical 

(clusters zGlom1, zGlom2, zGlom3, zTran1, zTran2, zTran3, zFasc1, zFasc2, zFasc3, 

zFasc4 and zX). Black lines on the UMAP plots represent the trajectory graph. Root of 

the pseudotime trajectory was selected as cluster zGlom1 (dark blue). Three trajectories 

were detected, terminating in the transitional zone (A), endothelial cells (B) and the X-

zone (C).  
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5.3.2.4  Comparing the mutant and wild-type transcriptome 
Selected genes that showed increased expression in the mutant zona glomerulosa 

compared with the wild-type included Tafa2, Ntrk2, Fdx1 and Akr1b7 (Figure 5-19). 

Selected genes that showed decreased expression included Ptprd and Auts2. In addition 

to increased expression of Tafa2 and Fdx1 in the zona fasciculata of mutant adrenals, 

there was increased expression of Hsd3b1, and decreased expression of Me1 and Pbx3 

(Figure 5-20). The top 10 genes with increased expression in the mutant compared with 

the wild-type are shown (Table 5-7).  

 

Table 5-7 Top 10 genes highly expressed in mutant compared with wild-type.  

Cluster zGlom1 zGlom2 zGlom3 zFasc1 zFasc2 zFasc3 

Female Tafa2 

Fam155A 

Nebl 

Ctnnd2 

Gm17276 

Akr1b7 

Ntrk2 

Lrrc4 

Notch3 

Grk5 

Tafa2 

Fdx1 

Ctnnd2 

Gm17276 

Akr1b7 

Nebl 

Fam155a 

Lrrc4 

Slc6a5 

Mt-Co3 

Fdx1 

Tafa2 

Gm17276 

Akr1b7 

Lrrc4 

Ctnnd2 

Slc6a5 

Pde10a 

Mt-Co3 

Nebl 

Tafa2 

Pde10a 

Rnf220 

Ctnnd2 

Nr4a2 

Ccdc57 

Clc6a5 

Fdx1 

Lrrc4 

Mt-Co3 

Mt-Co3 

Mt-Co2 

Fdx1 

Hsd3b1 

Rnf220 

Mt-Co1 

Nr4a2 

Mt-Atp6 

Abcb1b 

Tafa2 

Abcb1b 

Fdx1 

Mt-Co3 

Hsd3b1 

Rnf220 

Mt-Co2 

Mt-Atp6 

Nr4a2 

Gm7247 

Mt-Co1 

Male Tafa2 

Ntrk2 

Pex5l 

Procr 

Fam155a 

Akr1b7 

Prkg1 

Hspe1 

Slc16a3 

Ccdc57 

Tafa2 

Ntrk2 

Hspe1 

Akr1b7 

Procr 

Mt-Co3 

Pex5l 

Pdx1 

Slc6a5 

Mt-Co2 

Tafa2 

Slc6a5 

Mt-Co3 

Hspe1 

Mt-Co2 

Ntrk2 

Pex5l 

Cyp11b2 

Adh1 

Ctnnd2 

Tafa2 

Slc6a5 

Cyp11b2 

Ntrk2 

Ctnnd2 

Adh1 

Ccdc57 

Prr16 

Mt-Co3 

Mt-Co2 

Adh1 

Mt-Co3 

Hspe1 

Mt-Co2 

Tafa2 

Chka 

Mt-Co1 

Nr4a2 

Prr16 

Mt-Atp6 

Chka 

Man1a 

Prlr 

Hspe1 

Mt-Co3 

Nr4a2 

Rgs2 

Appl2 

Mt-Co2 

Slc25a3 
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Figure 5-19 Volcano plots displaying gene expression in mutant compared with 

wild-type adrenal gland zona glomerulosa.  

Three zona glomerulosa clusters are shown. Genes towards the right have increased 

expression in the mutant adrenal compared with the wild-type and genes towards the left 

have decreased expression. Volcano plots were prepared by Eva van Dijk, GTRU, CMRI. 
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Figure 5-20 Volcano plots displaying gene expression in mutant compared with 

wild-type adrenal gland zona fasciculata.  

Three zona fasciculata clusters are shown. Genes towards the right have increased 

expression in the mutant adrenal compared with the wild-type and genes towards the left 

have decreased expression. Volcano plots were prepared by Eva van Dijk, GTRU, CMRI. 
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5.3.2.5  Annotation of the Cyp21a1-/- transcriptome without 
clustering influence from Cyp21+/+ analysis 
The Cyp21a1-/- samples were originally annotated with the Cyp21a1+/+ samples, as they 

had already been annotated. However, if a gene is not expressed by all samples during 

the clustering, it will be eliminated from the analysis. This was important to consider 

when the Cyp21a1-/- transcriptome is likely to be different to the Cyp21a1+/+ 

transcriptome, so the process was repeated with the Cyp21a1-/- samples alone (Table 5-

8). The UMAP for the Cyp21a1-/- samples alone is shown (Figure 5-21). The cluster 

identities for each analysis only had small variations, except cluster 8 from the wild-type 

only analysis that was further divided into multiple cell types (Table S5-9). 

 

 

Figure 5-21 UMAP showing clusters from mutant-only adrenal glands. 

This analysis was performed without including the wild-type samples.  
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Table 5-8 Annotation for the clusters of the mutant-only transcriptomic 

analysis.  

Cluster number Annotation 

0 zGlom3_5_0_0 

1 zGlom3_5_0_1 

2 zGlom3_5_0_2 

3 zFasc2_1_3_3 

4 Endothelial_6_1_4 

5 Endothelial_8_5_5 

6 zFasc4_8_11_6 

7 zFasc1_13a_7_7 

8 Capsule1_8_16_8 

9 zTran2_13a_18_9 

10 Medulla_11_10_10 

11 Medulla_10_15_11 

12 Macrophages_8_9_12 

13 zFasc3_3_8_13 

14 Endothelial_6_1_14 

15 zX_3_21_15 

16 Medulla_9_17_16 

17 Adipocytes_8_20_17 

18 Capsule2_8_14_18 

19 Capsule1_8_16_19 

The Clustifyr package divided the mutant-only transcriptome cells into 20 clusters 

(clusters 0-19). The last number refers to the cluster from this analysis, the second last 

number refers to the cluster the package allocated from the combined analysis and the 

third last number refers to the cluster allocated during the wild-type only analysis. 

 

 

There was a high level of mitochondrial gene expression in zTran2_13a_18_9. This can 

be a sign of a low-quality sample or possibly presence of apoptosis.54 There was a small 

subset of cells consistent with the X-zone in both the male and female samples 

(expression of Pik3c2g55 and/or Akr1c1856). This was unexpected as the male X-zone is 

expected to involute at puberty,57 however perhaps there is abnormal puberty in 21-

hydroxylase deficient mice. The cluster annotated as the X-zone had lower expression of 

Pik3c2g in the male than female homozygote.  
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5.4  Discussion 

This study provides the foundation for further investigation of rAAV-mediated gene 

delivery to the adrenal cortex for durable effect. We demonstrated the most 

comprehensive analysis of rAAV serotype transduction of the adrenal gland to date and 

the first timepotential adrenocortical progenitor cells on single nuclei RNA sequencing 

have been identified. In combination, these results provide the basis for further analysis 

of transducing the adrenocortical cells through either single nuclei RNA sequencing-

compatible rAAV testing kit development or through the use of these top serotypes with 

a reporter mouse and studies that go beyond the cellular turnover period.  

 

There were 8 rAAV serotypes (AAV8, Anc80, AAV10, SYD11, NP22, KP3, KP1, 

AAV2-M1) that may deliver better gene expression to either the male or the female 

murine adrenal gland en bloc than Rh10, the most popular serotype used in murine adrenal 

studies.2, 3 Of these, 5 were bioengineered capsids, one was an in silico predicted ancestral 

capsid and the remaining two were natural serotypes. There was a slight difference in 

hierarchy in males and females. Based on functional transduction efficiency, the top 7 

serotypes were Anc80, NP22, KP3, KP1, AAV10, Rh10 and AAV8. Overall, the 

bioengineered capsids that delivered the best gene expression had sequence similarities 

to AAV2, AAV3, AAV8, AAV10 and Rh10. The gene expression delivered by AAV2 

and AAV3 was poor but AAV8, AAV10 and Rh10 were in the top 7 capsid serotypes, 

suggesting there may be a commonality between these sequences that is conferring 

adrenal tropism. On our phylogenetic analysis, KP3 was determined to have a close 

evolutionary genetic relationship with AAV8, AAV10 and Rh10, all of which also had 

efficient functional transduction. NP22 had a close phylogenetic relationship with AAV2 

and AAV3, neither of which had efficient functional transduction. Similarly, Anc80 and 
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KP1 were phylogenetically related to AAV1 and AAV6. None of the serotypes was able 

to efficiently functionally transduce the capsule and zona glomerulosa. These zones 

appear to be resistant to functional transduction but a limitation of this study was that we 

were not able to determine whether physical transduction had occurred in specific zones 

of the gland.  

 

Anc80 is an in silico reconstructed ancestor of AAV1, AAV2, AAV8 and AAV9.39 AAV1 

and AAV2 had low transduction efficiency in the adrenal glands. Interestingly, the closest 

reported homolog to Anc80 is Rh10, the capsid that has been used in most murine adrenal 

gene therapy studies2, 3; however, Anc80 delivered better gene expression than Rh10 and 

in our phylogenetic analysis Anc80 was not mapped close to Rh10.  Anc80 has been 

shown to provide efficient transduction of the murine and non-human primate liver, 

murine skeletal muscle, and murine retina,39 but to our knowledge it has not been used in 

the adrenal gland or other endocrine glands previously.  

 

NP22 was developed by selecting for efficient human skeletal muscle transduction.47 

NP22 performed better than AAV1 and AAV8 for the in vitro and ex vivo transduction of 

human skeletal muscle cells.47 NP22 was highly shuffled, with unique regions contributed 

from AAV3b, AAV8, AAV6, AAV9_hu14 and AAV2, as well as some de novo 

mutations not present in the parent sequence from which the shuffled capsid was 

derived.47 While NP22 delivered good gene expression , AAV2, AAV3b, AAV6 

performed poorly in our murine adrenal glands. However, the results were enriched for 

AAV8 and AAV9. The AAV9 variant AAV9_hu14 was not included in the Testing Kit.  
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KP1 and KP3 were developed by selecting for high efficiency in transducing human 

pancreatic islet cells.43 It is interesting that they also conferred good tropism to another 

endocrine organ, the adrenal cortex, particularly as they have different embryological 

origins. Pancreatic islet cells arise from the endoderm,58 however steroid-secreting 

endocrine organs arise from the mesoderm. These variants had excellent transduction 

across a range of human cell types, as well as the murine liver,43 and so perhaps are all-

round good tissue transducers, regardless of tissue type. AAV3B was reported to be most 

similar to the KP sequences,43 however this serotype performed poorly in the adrenal 

gland. KP3 was phylogenetically close to AAV9, AAV10 and Rh10 whereas KP1 was 

close to AAV1 and AAV6 on our analysis. The commonality that is conferring adrenal 

performance across these sequences is unclear.   

 

A limitation of this study was that only known capsid serotypes were included in the 

analysis. For more thorough determining of capsid serotype transduction, shuffled DNA 

libraries can be used whereby the capsid sequence is not known at the time of the 

experiment. However, due to the difficulty in identifying progenitor cells, it is unclear if 

en bloc analysis of the adrenal gland for capsid enrichment would be an appropriate 

method for determining this, as it is plausible that a serotype that transduces the progenitor 

cells may not be the major serotype present in an adrenal gland. Additionally, due to the 

low level of general protein expression in stem and progenitor cells, there may be 

effective physical transduction, but the cells may express the transgene poorly, which 

would be indicative of poor functional transduction. This could be missed by standard 

techniques to analyse transduction efficiency. Therefore, an appropriate serotype could 

be artificially selected against.  
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The identification of the adrenocortical progenitor cells is elusive, and a method to 

identify them would be useful for future rAAV capsid tropism studies in the adrenal 

cortex. We explored whether this elusive cell population could be identified using single 

nuclei RNA sequencing in wild-type and 21-hydroxylase deficient murine adrenal glands. 

This is the first time that single nuclei RNA sequencing has detected potential progenitor 

cells in the adrenal gland. One of the limiting factors with this technology is the exclusion 

of small cell populations and cells with small numbers of genes expressed and the 

exclusion of genes with low levels of expression. As, by definition, a progenitor cell does 

not have much in the way of cellular functions, it would likely have limited gene 

expression. Furthermore, the population is very small and likely to be excluded from most 

standard analyses. Indeed, a specific cluster of “progenitor” cells was not found, however 

a subset of cells that had the expression criteria were detected. It was postulated that there 

may be an enlarged progenitor pool in the 21-hydroxylase deficient adrenal glands due to 

increased ACTH drive, however there were no progenitor cells found in these samples. 

Perhaps the ACTH stimulation is driving the rapid differentiation of progenitor cells, and 

they are spending less time in a progenitor state, therefore harder to detect. Dissociation 

of the adrenal tissue was challenging, particularly the tough capsule. Therefore, the 

capsular cells are not well represented in the analysis, and this is where the adrenocortical 

stem cells reside.  

 

The development of a single nuclei atlas that includes the 21-hydroxylase deficient 

transcriptome is required for future use for rAAV capsid tropism studies for the 

development of gene therapy for CAH. Specific gene expression pattern differences 

between the wild-type and 21-hydroxylase deficient adrenal cortices were noted. Tafa2 

was upregulated in the 21-hydroxylase deficient adrenal cortex. This gene has a role in 
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neuronal tissue survival and may act as a chemokine.59 Additionally, it induces skeletal 

stem cell migration.60 While it is ubiquitously expressed, its specific role in the adrenal 

cortex is unclear, however it is plausible that it may have a similar role in the adrenal 

cortex where it mobilises the stem cells in the context of 21-hydroxylase deficiency. Ntrk2 

was also upregulated in the zona glomerulosa, and expression of this gene in 

neuroblastoma tissue is associated with higher risk and poor outcome.61 Ntrk2 expression 

in the adrenal gland is associated with highly fecund sheep,62 and we postulate that it may 

be related to high progesterone levels found in 21-hydroxylase deficiency. Ferredoxin 1 

(Fdx1), also known as adrenodoxin, is essential for steroidogenesis in adrenal glands,63, 

64 and was upregulated in the 21-hydroxylase deficient adrenocortical cells, likely due to 

upregulated steroidogenic pathways. Fdx1 reduces mitochondrial cytochrome P450 

enzymes to enable the catalyst of various reactions for steroidogenesis. The adrenal cortex 

generates a large amount of harmful byproducts of lipid peroxidation and 

steroidogenesis.65 Akr1b7, which is orthologous to human AKR1B10, was upregulated in 

the 21-hydroxylase deficient zona glomerulosa and has a role in the detoxification of these 

lipid peroxidation by-products.66 Akr1b7 expression is decreased when ACTH is 

suppressed,67 and thus in the context of elevated ACTH exposure in 21-hydroxylase 

deficiency it follows that it will be upregulated. Previously, it was shown that Akr1b7 

expression was limited to the zona fasciculata in wild-type adrenal glands and while it is 

expressed in the zona fasciculata,67 it is also abnormally upregulated in the zona 

glomerulosa of the mutant adrenal glands. In terms of reduced expression in 21-

hydroxylase deficient adrenal glands, Ptprd and Auts2 was shown to have reduced 

expression in the zona glomerulosa. Ptprd has a role in neuronal differentiation, so its 

reduced expression in 21-hydroxylase deficiency is unclear. Auts2 has a role in repressing 

transcription of gene expression, therefore reduced expression of Auts2 in 21-hydroxylase 
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deficiency will allow the increased gene expression required of enzymes involved in 

steroidogenesis in the presence of 21-hydroxylase deficiency. In the zona fasciculata, 

Me1 and Pbx3 were both down regulated in the mutant adrenal glands. Me1 is involved 

in generation NADPH for fatty acid biosynthesis and Pbx3 has a role in the regulation of 

transcription. A limitation of this study was that  only four mice were included in the 

transcriptomic study, one mouse for each sex and genotype. Therefore, the reproducibility 

of the findings was not able to be demonstrated. Furthermore, the presence of changes in 

gene expression was not validated with a second method.  

 

The X-zone was identified as a distinct cluster, more prominent in the mutant 

transcriptome. The function of the X-zone is unclear, but postulated to be involved with 

metabolism of placentally-derived progesterone due to the expression of Akr1c18.56 It 

persists in the male mouse until puberty and in the female mouse until their first 

pregnancy.68-70 Without pregnancy, the X-zone degenerates between 3-7 months of age 

in female mice.70 The presence of androgens drive this regression.71 The mice were 

approximately 3 months old in this study. The prominence of the X-zone in the mutant 

clusters suggests perhaps either the hormones required for its involution are not produced 

in adequate amounts, or it is required for additional progesterone metabolism in the 

context of elevated serum progesterone due to 21-hydroxylase deficiency. Although the 

difference in testosterone production by wild-type and mutant male mice was not 

significant, there was a trend towards lower testosterone production in the mutants with 

3-fold lower median serum testosterone (Chapter 3, Figure 3-8).  

 

These top serotypes provide a shortlist for downstream analysis for determining tissue 

tropism for the adrenocortical progenitor cells. One strategy is to directly identify capsids 
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that can transduce the adrenocortical progenitor cells, by developing a 10X compatible 

mini AAV Testing kit, and determining if any capsid barcodes are expressed by the cells 

that also express Nr5a1 and Shh but not  Cyp11b2 or Cyp11b1. The 10X compatible mini 

kit would need the barcode to be within 300 bp of the polyA signal to ensure that it is 

detected by the 10X technology, so the standard AAV Testing Kit cannot be used. A 

second strategy could be to indirectly identify serotypes that transduce progenitor cells 

through demonstration of durable effect, without proving transduction of  the progenitor 

cells directly. A reporter mouse such as the Ai9 could be used whereby exposure to cre 

permanently turns on expression of the tdTomato expression cassette. By treating mice 

with various AAV serotypes that encode cre DNA and harvesting at various timepoints, 

one could determine in retrospect that if the tdTomato expression was permanent, then 

this serotype must have transduced the correct cell population as all daughter cells had 

the reporter expressed.  

 

While small animal models are often a good approximation to humans, there are some 

differences. Gene therapy and AAV targeting that is robust in the mouse may fail in the 

human. This study has focussed on determining optimal capsid use for gene delivery to 

the murine adrenocortical progenitor cells, however AAV serotypes that perform well in 

one species do not necessarily confer efficient performance in another species. Therefore, 

this study provides a proof of concept, but determining AAV serotype specificity for 

human adrenocortical progenitor cells is still required. This is a challenging next step. It 

could be achieved through in vitro modelling with adrenocortical organoids, however the 

difficulty in identifying progenitor cells means it is unclear whether these organoids 

possess all the appropriate cell populations for these studies. Furthermore, it is easier to 

reconstitute foetal organoids and cell populations than adult populations,72 but the adult 
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adrenal cortex is quite different to the foetal cortex. Alternatively, cadaveric organs or 

organs sourced following therapeutic adrenalectomy could provide an alternate source of 

human tissue for capsid studies, however the limited life span of these organs may impact 

on its usefulness.  

 

In conclusion, rAAV serotypes that were highly adrenally-tropic were identified, and a 

transcriptomic atlas for wild-type and 21-hydroxylase deficient adrenals was developed. 

Furthermore, potential adrenocortical progenitors were identified. These results provide 

the foundation for further work in identifying capsids that can transduce specific 

populations in the adrenal cortex, providing the pathway to robust gene delivery such as 

the gene editing strategy that is described in Chapter 6.   
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5.5  Supplementary data 

 
Figure S5-22 Heatmaps showing selected genes highly expressed in zona 

fasciculata.  
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Figure S5-23 Heatmaps showing selected genes that are expressed by steroidogenic 

cells. 
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Figure S5-24 Heatmaps showing selected genes that are expressed by endothelial 

cells. 
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Figure S5-25 Heatmaps with selected genes expressed outside of the adrenal cortex.  

Ptprc is a marker of immune cells. Chga is a marker of the adrenal medulla. 
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Table S5-9 Comparing the annotations for each cluster analysis.  

 
Wild only Combined Mutant only 

# Annotation # Annotation # Annotation  

Adrenal 

cortex 

5 zGlom1_5 

0 zGlom3_5_0 

0 zGlom3_5_0_0 

1 zGlom3_5_0_1 

2 zGlom3_5_0_2 

2 zGlom1_5_2    

4 zGlom2_5_4    

0 zGlom2_0       

2 zTran_2       

13 
zFasc1_13a 

zGlom3_13b 

6 zTran1_13a_6    

7 zFasc1_13a_7 7 zFasc1_13a_7_7 

18 zTran2_13a_18 9 zTran2_13a_18_9 

1 zFasc2_1 
3 zFasc2_1_3 3 zFasc2_1_3_3 

12 zTran3_1_12    

3 zFasc3_3 
8 zFasc3_3_8 13 zFasc3_3_8_13 

21 zX_3_21 15 zX_3_21_15 

Other  

(incl 

zFasc4) 

4 Endothelial_4       

6 Endothelial_6 
1 Endothelial_6_1 

4 Endothelial_6_1_4 

14 Endothelial_6_1_14 

19 Endothelial_6_19    

8 

Endothelial_8 

zFasc4_8 

Unknown_8 

5 Endothelial_8_5 5 Endothelial_8_5_5 

9 Macrophages_8_9 12 Macrophages_8_9_12 

11 zFasc4_8_11 6 zFasc4_8_11_6 

14 Capsule2_8_14 18 Capsule2_8_14_18 

16 Capsule1_8_16 
8 Capsule1_8_16_8 

19 Capsule1_8_16_19 

20 Adipocytes_8_20 17 Adipocytes_8_20_17 

14 Capsule_14       

15 Glial_15       

12 Macrophage_12       

Adrenal 

medulla 

7 Medulla_7 13 Medulla_7_13    

9 Medulla_9 17 Medulla_9_17 16 Medulla_9_17_16 

10 Medulla_10 15 Medulla_10_15 11 Medulla_10_15_11 

11 Medulla_11 10 Medulla_11_10 10 Medulla_11_10_10 

Cluster 8 from the wild-only analysis was subdivided by the subsequent two analyses. 
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 Chapter 6 
 

 

A genomic editing approach to 
congenital adrenal hyperplasia 

 

6.1  Introduction 

Despite the development of glucocorticoid replacement therapy for congenital adrenal 

hyperplasia (CAH) in the mid-20th century, such treatment cannot recapitulate 

physiological requirements, resulting in excess morbidity and mortality for affected 

patients. Alternative treatment options are sought. The gene therapy field is 

revolutionising the treatment of monogenic disorders, and rAAV is the leading viral 

vector for in vivo gene delivery. Physiological cortisol secretion regulated by pituitary 

adrenocorticotropin could be achieved through genomic editing to repair the defective 

21-hydroxylase gene in situ, thereby offering the potential to restore normal adrenal 

function without the requirement for regular patient intervention. However, the adrenal 

cortex is continually replaced from progenitor cells and therefore correcting the 21-

hydroxylase locus in the genome of adrenocortical progenitor cells is required for a 

durable effect. 

 

AAV has an advantage over many other viral vector gene delivery systems as the capsid 

can be engineered to increase delivery to certain targeted cell populations. Chapter 5 
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provided the foundation for determining rAAV capsid serotypes that provide gene 

delivery to the adrenocortical progenitor cells. However, it remains unknown whether any 

of the capsid serotypes tested can transduce this elusive and difficult to identify cell 

population. Nevertheless, a genomic editing approach can be developed without specific 

knowledge of the rAAV capsid serotype that will transduce the progenitor cells. Editing 

the locus in differentiated adrenocortical progenitor cells proves that the locus is 

amenable to editing and reagents could be repacked into an effective capsid once that is 

determined.   

 

Early genomic editing techniques such as zinc-finger nucleases have largely been 

superseded by strategies that employ CRISPR/Cas9 technology.1 This system allows 

RNA-guided precise double-stranded DNA breaks, and in the presence of a repair 

template the host’s DNA repair mechanisms can be exploited to facilitate a site-specific 

modification into the host’s genome.2 Homology-independent targeted integration (HITI) 

has the advantage over homology directed repair (HDR)-based editing as it exploits non-

homologous end-joining (NHEJ) DNA repair which is efficient in both dividing and non-

dividing cells.3 Guide RNA (sgRNA) within the CRISPR/Cas9 complex ensures the host 

DNA is precisely cleaved in the guide sequence. Similarly, when the target sequence is 

provided in the donor genome, CRISPR/Cas9 creates double-stranded DNA cleavage in 

the donor genome. The donor sequence is then integrated into the host DNA, at the target 

site. Theoretically, this system is self-correcting: if the donor sequence is integrated in 

the reverse orientation, the guide sequence and PAM sites re-align, and CRISPR/Cas9 

will cleave the donor sequence out again. If the donor sequence is integrated in the correct 

position, the guide sequence and PAM sites do not align, and no further DNA breaks 

occur.4 In reality, donor segments may remain in the reverse orientation due to DNA 
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repair via NHEJ inducing indels that destroy the target sequence.5 Furthermore, there is 

mounting evidence,6, 7 including unpublished data from our lab, that multiple unintended 

events can occur following DNA cleavage including integration of subgenomic fragments 

from either the donor vector or the Cas9 vector genomes, all of which would be expected 

to be detrimental and compete with integration of the correctly oriented complete donor 

segment at the cut site. These caveats must be considered with utilising HITI-based gene 

editing. 

 

6.1.1  Special considerations for the 21-hydroxylase locus 

6.1.1.1  Locus complexity 
The gene for 21-hydroxylase, CYP21A2, lies within the MHC class III sequence which is 

considered one of the most complex regions of the human genome.8, 9 There are at least 

14 distinct transcripts in the 140 kb region, and this includes genes that overlap and genes 

within genes.10, 11 CYP21A2 has a homologous pseudogene, CYP21A1P, 30 kb upstream, 

and this pair of genes lie in tandem repeat with two complement 4 genes (C4A and C4B) 

(Chapter 1, Figure 1-6). CYP21A1P shares 98% exonic and 96% intronic homology with 

CYP21A2,12 however the pseudogene has multiple mutations along its length, rendering 

the transcribed mRNA non-functional.12, 13 It is the presence of this pseudogene which is 

thought to be the reason why 21-hydroxylase deficiency is far more common than any of 

the other forms of CAH, as the high level of homology leads to an increased risk of 

erroneous recombination events during meiosis.12, 14-22 There is a similar tandem genetic 

arrangement in the mouse, however the functional gene is upstream (Cyp21a1), and the 

pseudogene is 80 kb downstream (Cyp21a1-ps). There is high level of homology between 

the murine 21-hydroxylase genes, however the murine pseudogene lacks the equivalent 

of exon 2.  
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The high homology between the active and pseudogene for 21 hydroxylase has 

implications for the choice of target sequence when utilising a CRISPR/Cas9-based 

approach, as a double stranded break in both genes could result in dropping out 30 kb in 

the human, (and 80 kb in the mouse) genomic sequence between them, which would 

notably include the C4B gene. This issue is not as relevant to the H-2aw18 CAH mouse 

model due to a large 80 kb deletion which includes the 3’ end of Cyp21a1 (from exon 8), 

C4, and the 5’ end of Cyp21a2-ps (Chapter 3, Figure 3-2).23 Thus the 5’ region of interest 

is only present in the Cyp21a1 gene in the H-2aw18 homozygous mouse.  

 

6.1.1.2  Spectrum of gene mutations 
There are over 350 known variants in CYP21A2 listed in the Human Gene Mutation 

Database (HGMD, http://www.hgmd.cf.ac.uk, accessed 26/04/2024)24 spanning the 

promoter region and all 10 exons and associated intronic regions. The variants include 

over 55 complex rearrangements, over 15 large deletions/insertions or duplications, and 

many other mutation types. This has implications for the choice of editing technique, as 

a highly localised technique such as prime editing25 would not be a practical choice. 

Furthermore, any repair mechanism for humans requiring homology arms (see Chapter 

1.4.3) would be similarly impractical as a new set of reagents would be required for each 

individual’s polymorphisms in the homology arm sites. Therefore, the most feasible 

editing technique is to utilise HITI to introduce the entire or most of the wild-type 21-

hydroxylase cDNA deep within a non-coding sequence, such that most if not all potential 

mutations could be cured with a single set of reagents.  

 

http://www.hgmd.cf.ac.uk/
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6.1.1.3  Non-coding regions  
Ideally, the target sequence for a double-stranded break should be deep within a non-

coding region, to avoid the risk of knocking out residual function in a hypomorphic (ie 

weakly functional or under expressed) allele. However, the introns in Cyp21a1 are very 

small, limiting the choices for target sites within non-coding regions. Intron 1 is 64 bp 

and intron 2 is 352 bp (NCBI RefSeq: NC_000083.7); in comparison to other murine 

genes such as the Otc gene which has a much larger first intron of 14 517 bp 

(NC_000086.8) or 16 466 bp in intron 1 of the murine Cps1 gene (NC_000067.7).  

 

6.1.2  Special considerations for the adrenal cortex 

The adrenal cortex continuously renews from progenitor cells situated beneath the 

capsule and differentiated adrenocortical cells undergo minimal replication as they pass 

down the cortex towards the medulla. Furthermore, rAAV treatment can currently only 

be administered once as neutralising antibodies induced by the initial exposure render 

further doses ineffective. Thus, for durable gene therapy, the genome of the adrenal 

progenitor cells must be repaired to ensure daughter cells maintain the correction. As 

progenitor cells may be quiescent, a HITI strategy is the more appropriate method than 

HDR to edit the genome of progenitor cells.5 However, targeting the adrenal progenitor 

cells is challenging with the current state of contemporary technology reach and 

biological knowledge. This chapter seeks to demonstrate a proof-of-concept approach by 

introducing targeted editing events in the 21-hydroxylase locus in differentiated 

adrenocortical cells in vivo through rAAV-mediated CRISPR/Cas9 delivery, using a 

homology-independent targeted integration strategy (Figure 6-1). If successful, the 

editing reagents developed by this strategy could be re-packaged into an appropriate 
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capsid for future targeting of the adrenal cortex progenitor cells, once the rAAV serotype 

that can transduce this specific cell population is identified.  

 

 

 

Figure 6-1 A HITI strategy was used to integrate the donor at the target locus.  

In the mouse model for CAH, the mutant locus is a fusion of the wild-type exons 1-7 and 

pseudogene exons 8-10. While it is transcribed, the resultant mRNA is non-functional. In 

this HITI approach, a double stranded break is made in the first intron. The donor cassette 

with codon optimised exons 2-10 and a splice acceptor is integrated into the cut site. The 

native promoter is captured, and the mRNA transcribed, which is a fusion of the native 

exon 1 and the donor exons 2-10. This mRNA is functional. PAM sequence (pink), target 

sequence (green), mutant exons (dark grey), functional exons (light grey), codon 

optimised donor exons (blue), donor polyA (purple).  
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6.2  Chapter-specific methods 

6.2.1  Vectors 

6.2.1.1  Guide design, sub-cloning and vector production 
Guide RNAs were designed in silico using CRISPOR (http://crispor.tefor.net/) to target 

protospacer adjacent motif (PAM) sequences in intronic sequences of the mutant murine 

Cyp21a1 gene, that were not present in the pseudogene. As intron 1 was small (64 bp), 

guides were selected from both intron 1 and intron 2 (355 bp). There was one potentially 

viable target site identified in intron 1 and two identified in intron 2. The top 3 guide 

sequences were selected (Table 6-1, Figure 6-2). Each sequence was cloned into the Cas9 

plasmid (Addgene plasmid # 61591)26 backbone (Figure 6-3). Custom DNA oligos were 

ordered for each guide and complementary sequences with 5’-CACC and 5’AAAC 

overhangs, and G addition to guide 3 as a G at the 5’ end of the guide sequence improves 

expression from the U6 promoter (Table 6-2). The vectors were pseudo-serotyped with 

AAVRh10 (rAAV2/Rh10) and packaged by the Vector Genome Engineering Facility, 

CMRI using standard triple transfection, caesium purification, and vector genome titre 

determination with digital droplet PCR.  

 

 

Table 6-1 Guide sequences designed with CRISPOR. 

Guide no.  Location ID Guide sequence 5’ to 3’ PAM 

1 Intron 1 31rev GGACAATGTCAGGCAGGGAAG AGGGGT 

2 Intron 2 13rev GGAAGGGAGGGGAAACTGAGC  AAGGGT 

3 Intron 2 189rev AAGACCTAATCTTAAAGAAGA  GGGAGT 
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Figure 6-2 Target sequence locations.  

Guides were chosen from introns 1 and 2. Target sequence (green), PAM site (pink).  

  

 

 

 

 

Table 6-2 Custom oligo sequences ordered for each guide.  

Guide 

no.  

Oligo sequence 5’ to 3’  Complimentary oligo sequence 5’ to 

3’ 

1 CACCGGACAATGTCAGGCAGGGAAG AAACCTTCCCTGCCTGACATTGTCC 

2 CACCGGAAGGGAGGGGAAACTGAGC AAACGCTCAGTTTCCCCTCCCTTCC 

3 CACCGAAGACCTAATCTTAAAGAAGA AAACTCTTCTTTAAGATTAGGTCTTC 

5’-CAAC and 5’AAAC overhands are shown in brown and G addition to guide 3 is shown 

in blue. 
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Figure 6-3 Cloning steps to construct SaCas9 and guide vector plasmids.  

Flow diagram of the molecular subcloning steps taken to generate the guide vectors. The 

PX601-AAV.CMV.saCas9.U6.sgRNA backbone was prepared by digesting with BsaI. 

The oligos were annealed and ligated to the backbone. AAV2 ITRs (orange) flank the 

expression cassette. The expression cassette contains the ubiquitous CMV 

enhancer/promoter (red and pink), SaCas9 (magenta), bovine growth hormone 

polyadenylation tail (pA, purple), U6 promoter (dark orange), guide sequence (green), Sa 

gRNA scaffold (grey). Scale bar = 500 bp. 
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Figure 6-4 Cloning steps to construct the donor vector plasmid.  

The pAAV-HITI.Splice.eGFP.sgRNA backbone was prepared by digesting with PacI and 

SpeI to remove the eGFP expression cassette. The donor construct was prepared by 

digesting the GeneWiz plasmid with PacI and SpeI. The donor cassette was ligated into 

the backbone. AAV2 ITRs (orange) flank the expression cassette. The expression cassette 

contains the guide target sequence and PAM site (dark green), splice acceptor site (dark 

blue), codon optimised exons 2-10 for Cyp21a1 (blue), bovine growth hormone 

polyadenylation tail (pA, purple). Scale bar = 500 bp. 
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6.2.1.2  Donor cassette design, sub-cloning and production 
Guide 1 was chosen, and a donor cassette was designed to complement this target site. As 

the target site and PAM sequences were located in intron 1 in the splice acceptor region, 

a donor cassette was designed which included a splice acceptor site and branch point, 

codon optimised exons 2-10 from the wild type Cyp21a1 gene and a bovine growth 

hormone polyA signal. The splice acceptor site and branch point sequence were designed 

by S. Ginn, GTRU, CMRI. The cDNA was purchased from GeneWiz. The donor cassette 

was cloned into the eGFP HITI backbone (provided by S. Ginn) (Figure 6-4). The vector 

was pseudo-serotyped with AAVRh10 (rAAV2/Rh10) and packaged by the Vector 

Genome Engineering Facility, CMRI using standard methods. 

 

6.2.2  Animal procedures 

6.2.2.1  In vivo guide testing 
As the guides targeted sites present in the mutant locus, in vivo testing was required. Older 

homozygous mutant males were used which had been bred but not yet used 

experimentally and were too old to compare serum steroids. Each guide vector was dosed 

at 5×1011 vc/mouse (n=3 per guide vector). Mice were harvested 3-4 weeks after 

treatment. A further 3 mice were treated with the most promising guide at a dose of 

2.5×1012 vc/mouse.  

 

6.2.2.2  In vivo editing 
Male and female 21-hydroxylase deficient mice (average weight 19.2g) were injected 

intravenously via the tail vein with vector. The HITI treated mice received 2.5×1012 

vc/mouse of the CRISPR/guide vector and 1×1012 vc/mouse of the donor vector (total 
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vector dose 3.5×1012 vc/mouse). Donor-only control mice received 1×1012 vc/mouse of 

the donor vector. 

 

6.2.3  Analysis of animal samples 

6.2.3.1  Indel determination 
For the in vivo guide testing, the presence of insertions/deletions (indels) was used to 

determine guide efficiency. Following standard DNA extraction, a PCR using the primers 

LG_008 and LG_011 (Chapter 2, Table 2-8) was performed to extract the mutant locus 

between exon 1 and exon 3. This PCR product was isolated by gel electrophoresis, the 

band excised, purified and sent for Sanger sequencing at AGRF. The sequences were 

aligned with the control sequence using Synthego ICE (https://ice.synthego.com/)27 to 

determine the rate of insertions/deletions (indels) as a marker of targeted double stranded 

DNA breaks.  

6.2.3.2  Quantifying vector copy number and editing events 
DNA from liver and adrenal glands were analysed by digital PCR (dPCR) to determine 

the vector genome copy number per cell (Primers 107 and 108, Table 6-3; and SG330R 

and SG331R, Chapter 2, Table 2-8), normalising to two copies of murine albumin (diploid 

nucleus) (Primers LB0042mouse ALB_F and LB0042mouse ALB_R, Chapter 2, Table 

2-8). Editing events were normalised to one copy of murine albumin to determine 

percentage of alleles. The editing events examined are listed (Table 6-3). 

 

 

 

 

https://ice.synthego.com/
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Table 6-3 Chapter-specific primers used in dPCR analysis. 

Purpose Spanning Primers Sequences 5’ to 3’ 

Vector copy number 

donor cassette 

Donor exons 5 and 

6 target  

107 TTCACGATGTGGTCCCTAGA 

108 GGAGCATTCAGATCCTGACC 

Unedited Cyp21a1 

alleles 

native exon 1 to 

native exon 2 

104 CATCTACAGGATCCGCTTGG 

115 ATTTAGCATATGGGGTCGGC 

5’ junction HITI 

editing event 

native exon 1 to 

donor exon 2 

103 CCTCGATGGTCCTATTGCTG 

104 CATCTACAGGATCCGCTTGG 

3’ junction HITI 

editing event 

donor polyA to 

native exon 2 

112 GGGAAGACAATAGCAGGCAT 

115 ATTTAGCATATGGGGTCGGC 

5’ junction reverse 

donor insertion 

Native exon 1 to 

donor poly A 

104 CATCTACAGGATCCGCTTGG 

112 GGGAAGACAATAGCAGGCAT 

3’ junction reverse 

donor insertion 

Donor exon 2 to 

native exon 2 

103 CCTCGATGGTCCTATTGCTG 

115 ATTTAGCATATGGGGTCGGC 

 

6.2.3.3  Quantifying edited transcripts 
Complementary DNA (cDNA) was synthesised from RNA as per methods listed in 

Chapter 2. Digital PCR was used to quantify edited transcripts and normalised to Tbp 

(LG_102F_tbp and LG_103R_tbp, Chapter 2, Table 2-8). Primer pairs 104 & 115, 103 

& 104 and 104 & 112 were used to quantify the events in cDNA (Table 6-3). RNA 

extraction, cDNA synthesis and dPCR was performed by Lakshmy Viswanath, research 

assistant. 

 

6.2.4  Immunohistochemistry 

Immunohistochemistry slides made from PFA fixed adrenal glands and stained for 21-

hydroxylase protein were prepared as described in Chapter 2, Section 2.2.5.1.1  using the 

primary rabbit CYP21A2 antibody (Abcam ab230327) diluted 1:50. Cryo-sectioning, 

staining and imaging was performed by Lakshmy Viswanath, research assistant. 
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6.3  Results 

6.3.1  SaCas9/guide vector testing in vivo 

6.3.1.1  Standard dose guide testing 
Guides were tested in vivo by intravenous administration to homozygous mutants at a 

dose of 5 ×1011 vg/mouse. Mice were harvested 4 weeks after vector treatment. DNA was 

extracted from the liver and adrenal glands. Non homologous end-joining DNA repair 

following DNA cleavage is error prone and introduces insertions/deletions (indels) that 

can be detected by sequencing. Amplification by PCR across the predicted SaCas9 

cleavage site was performed, the band excised and purified. The purified products were 

Sanger sequenced and quantification of indels was performed using Synthego ICE.  

 

6.3.1.1.1  Guide 2 and 3 
Intron 2 had 16 repeats of the nucleotide cytosine which interfered with the accuracy of 

PCR. This impeded the ability to accurately determine the indel rate when using guide 2.  

Guide 3 did not induce detectable indels in either liver or adrenal DNA.  

 

6.3.1.1.2  Guide 1 
Analysis of the sequencing results for Guide 1 in Synthego ICE demonstrated editing 

events (indels) at the desired genomic locus within the murine Cyp21a1 gene in the liver 

of the treated mice (Table 6-4, Figure 6-5). However, no indels in the adrenal gland DNA 

were detected. If the plots and traces are examined, there appear to be sub-threshold 

events occurring in the adrenal glands (Figure 6-6) therefore the experiment was repeated 

at a higher dose.  
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Table 6-4 Indels following standard dose guide 1 treatment.  

Mouse ID Liver indel rate Adrenal indel rate 

A684 10% 0% 

B059 0% 0% 

B368 17% 0% 

Percent of insertions/deletions (indels) detected in the liver and adrenal DNA of the mice 

treated with a standard dose of guide 1. 

 

 

Figure 6-5 Liver DNA plots and traces from representative mouse (B368) treated 

with standard dose Guide 1.  

The PCR was unable to cross the C repeats which is demonstrated in noise in the control 

(orange) as well as the green treated samples. A. Discordance for the sample (green) and 

control (orange) trace files. The vertical dotted line marks the expected cut site. B. 

Insertion or deletion (indel) sizes (blue), as calculated by ICE. C. Trace segments 

spanning the cut site from the control and the edited samples. The guide target sequence 

is underlined in black, and the protospacer adjacent motif sequence is marked by a dotted 

red underline in the control sample. Vertical dotted lines denote the expected cut site. 
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Figure 6-6 Adrenal gland DNA plots and traces for standard dose guide 1. 

Discordance for sample (green) and control (orange) and trace segments spanning the 

expected cut site demonstrate possible subthreshold indels in the adrenal gland standard 

dose-treated mice that received Guide 1.  
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6.3.1.2  Delivery of a high dose of guide 1 vector in vivo 
The experiment was repeated with guide 1 at a high dose (2.5 ×1012 vg/mouse) and editing 

events (indels) were detected in the adrenal DNA (Table 6-5, Figure 6-7). As there was 

evidence of site-specific modification in the adrenal after using guide 1, a complementary 

donor cassette was designed. Vector copy number per diploid cell and indel rates 

(percentage) for all guide treated mice are shown (Figure 6-8). 

 

 

Table 6-5 Indels following high dose guide treatment.  

Mouse ID Liver indel rate Adrenal indel rate 

B330 13% 9% 

B406 10% 9% 

B434 2% 4% 

Percent of insertions/deletions (indels) detected in the liver and adrenal DNA of the mice 

treated with a high dose of guide 1. 
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Figure 6-7 Adrenal gland DNA plots and traces for high dose guide 1. 

Discordance, indel size and traces from SynthegoICE from the adrenal glands of the mice 

treated with high-dose guide 1 demonstrating presence of indels at the expected cut site. 
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Figure 6-8 Vector copy number per cell vs indel rate in adrenal and liver DNA.  

Data from individual mice are shown. The bar graph uses the left y axis and shows vector 

copy number for the Cas9/guide vector per diploid nucleus. The dot graph uses the right 

y axis and shows the percent of insertions/deletions (indels). Standard dose was 5 ×1011 

vg/mouse and high dose was 2.5 ×1012 vg/mouse. Abbreviations: vg, vector genomes; 

vcn, vector copy number; indel, insertions or deletions; g001, Guide 1; g002, Guide 2; 

g003, Guide 3. 
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6.3.2  In vivo gene editing conferred editing events and 
phenotypic change 

6.3.2.1  Delivery of SaCas9 and donor template 
Delivery of the vectors to the liver and adrenal gland was quantified with dPCR. The 

vector copy number (vcn) per diploid nucleus for the SaCas9 vector and donor vector are 

shown (Figure 6-9). There was no relationship in vector copy between the two vectors 

(Figure 6-10). 

 

 

Figure 6-9 Vector copy number per cell in adrenal gland and liver genomic DNA.  

A. Cas9 vector copy number (vcn) per diploid nucleus in adrenal genomic DNA. B. Donor 

vcn per diploid nucleus in adrenal genomic DNA. C. Cas9 vcn per diploid nucleus in liver 

genomic DNA. D. Donor vcn per diploid nucleus in liver genomic DNA. Abbreviations: 

Low, 5×1011 vg/mouse; High, 2.5×1012 vg/mouse; vg, vector genomes; vcn, vector copy 

number; HITI, homozygous 21-hydroxylase deficient mice that were treated with both 

the SaCas9/guide and donor vectors; ♀, female; ♂, male. Individual data points are 

shown, and error bars represent median and interquartile range. 
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Figure 6-10 No relationship between SaCas9/guide and donor vcn/diploid cell. 

A. Donor vector vs SaCas9 vector in adrenal genomic DNA. B. Donor vector vs SaCas9 

vector in liver genomic DNA. C. Adrenal SaCas9 vs liver Cas9 vector. D. Adrenal donor 

vector vs liver donor vector. Abbreviations: vcn, vector copy number; ♀, female; ♂, male; 

ns, not significant. Individual data points are shown. * p<0.05 on linear regression 

modelling. 
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6.3.2.2  Evidence of DNA editing events 
Following treatment with the SaCas9/guide vector and donor cassette vector there were 

specific editing events detected in the Cyp21a1 locus. Sanger sequencing confirmed the 

insertion of the donor segment at the target site (Figure 6-11). Digital PCR was used to 

quantify correctly oriented donor insertion with primers spanning the 5’ junction and 3’ 

junction, reverse oriented donor insertion at the 5’ and 3’ junctions, and unedited alleles 

(Figure 6-12A). Correctly oriented donor cassette insertion determined by 5’ junctional 

dPCR was present in 4.6 to 12.4% of alleles in the adrenal gland (Figure 6-12B) and 11-

24% alleles in the liver (Figure 6-12C). The correctly oriented inserted donor (5’ junction) 

contributed to a median of 7.8% of total alleles in female adrenal glands and 6.7% alleles 

in male adrenal glands. There were fewer 3’ junctions detected than 5’ junctions with 

median 3’ junctions detected as 6.5% of total alleles in females and 4.8% total alleles in 

males. The reverse orientation insertion was detected in 2.6 to 7.3% of alleles in the 

adrenal gland and 4.4 to 14.4% alleles in the liver. In the adrenal gland, the ratio of 

correctly oriented insertions to reverse orientated insertions ranged from 1.5:1 to 2.5:1 

(median 1.8:1). The proportion of correct 5’ junctions, reverse 5’ junctions and unedited 

alleles are shown and do not add up to 100%, indicating the presence of 

unknown/undetected events (Figures 6-12D-E). 
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Figure 6-11 Sequencing alignment demonstrating genomic editing.  

Sequencing alignment from representative mice (C162 and C177) demonstrating 5’ junction. Insertions and deletions (indels) are seen in the traces 

around the cut sites.  PAM sites are shown (pink).  
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Figure 6-12 Quantification of editing events.  

A. Editing events tested by digital PCR: HITI junctions (5’ and 3’ junctions) with 

correctly oriented donor insert or reverse inserted donor and unedited allele. B. Editing 

events expressed as a percentage of copies of the murine albumin allele in adrenal 

genomic DNA. C. Editing events expressed as a percentage of copies of the murine 

albumin allele in liver genomic DNA. D. Total detected events in individuals in adrenal 

gDNA. E. Total detected events in individuals in liver gDNA. Abbreviations: Don, 

homozygous 21-hydroxylase deficient mice that were only treated with the donor vector; 

♀, female mice treated with SaCas9/guide and donor vectors; ♂, male mice treated with 

SaCas9/guide and donor vectors; 5’, event at 5’ junction of expected cut site, ie 3’ to 

native exon 1; 3’, event at 3’ junction of expected cut site, i.e. 5’ to native exon 2. 

Individual data points are shown, and error bars represent median and interquartile range. 
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6.3.2.3  Specific expression of edited Cyp21a1 in the adrenal gland 
cDNA was synthesised from adrenal RNA and Cyp21a1 expression was quantified using 

dPCR (Figure 6-13A). There was a negligible amount of expression in the liver after 

editing (median 0.07 5’ junctional transcripts per Tbp transcript). Edited Cyp21a1 

transcripts were normalised to Tbp and accounted for 25-77% of the total Cyp21a1 

transcripts detected, with a median of 34% in males and 43% in females (Figure 6-13B). 

The ratio of edited transcripts to native transcripts in each individual mouse ranged from 

0.34 – 3.27 edited 5’ junctional transcript to one native transcript (Figure 6-13C). There 

was a weak correlation between 5’ junctions in genomic DNA and edited transcripts in 

males but there was no correlation in females (Figure 6-13D). Immunohistochemical 

staining demonstrated protein translation of 21-hydroxylase in the adrenal cortex of a 

representative treated mouse (Figure 6-14).  
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Figure 6-13 Edited Cyp21a1 transcripts were detected.  

A. Cyp21a1 transcripts were detected as either 5’ edited junctions or unedited alleles and 

normalised to Tbp. B. Edited transcripts as a percentage of the total transcripts detected 

in the adrenal mRNA (5’ junction transcripts and unedited transcripts). C. Ratio of 

detected edited transcripts to unedited transcripts in individual mice adrenal glands, 

demonstrated as a percentage of total transcripts. D. 5’ junctional allele genomic DNA 

versus 5’ junctional transcripts. Abbreviations: ♀, female; ♂, male; Tbp, TATA-box 

binding protein; ns, not significant. Individual data points are shown, and error bars 

represent median and interquartile range. * p<0.05 on linear regression modelling. 

 

 

 



 Chapter 6: A genomic editing approach to congenital adrenal hyperplasia 

  

294 

 

 

Figure 6-14 Immunohistochemistry slides from a treated mouse, and homozygous 

and wild-type controls. 

IHC staining demonstrated 21-hydroxylase protein (red) in the adrenal cortex of treated 

mouse C348. 21-hydroxylase was not expressed as consistently across the adrenal cortex 

as in the wild-type mouse. DAPI nuclear staining in blue. Abbreviations: +/+, wild-type 

21-hydroxylase sufficiency; -/-, homozygous 21-hydroxylase deficiency; HITI, 

homozygous 21-hydroxylase deficient mouse (C348) that was treated with both the 

Cas9/guide and donor vectors. Scale bar represents 100µm. 
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6.3.2.4  Improved adrenal steroidogenesis following gene editing 
With successful editing, there was improvement in adrenal steroidogenesis. Serum 

corticosterone improved 6.7-fold in males and 9-fold in females after treatment (Figure 

6-15A). In the treated males, serum corticosterone was 60% that of wild-type and was 

restored to that of wild-type male levels in the treated females. Treated females had serum 

and whole blood corticosterone that was half that of wild-type females. All mice had 

improvement in dried whole blood corticosterone from baseline (Figure 6-15B). 

Aldosterone increased 4-fold above wild-type levels in the treated mice (Figure 6-16A). 

Renin (Ren1) expression normalised (Figure 6-16B); therefore, this increased aldosterone 

production was not renin-driven. Chronic upregulation of aldosterone synthase 

(Cyp11b2) could account for the increased serum aldosterone above wild-type levels. 

Although Cyp11b2 expression reduced 6.6 and 8-fold in the treated male and female mice 

compared with the untreated, it remained 10 and 7-fold elevated above male and female 

wild-type expression levels (Figure 6-16C). While the 25% reduction in progesterone in 

the females was statistically significant, it remained 19-fold elevated above wild-type 

female levels, and there was no reduction in progesterone in the males (Figure 6-16D).  
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Figure 6-15 Improved corticosterone production after genomic editing. 

A. Serum corticosterone. B. Whole blood corticosterone, before and after treatment. 

Abbreviations: +/+, wild-type 21-hydroxylase sufficiency; -/-, homozygous 21-

hydroxylase deficiency; HITI, homozygous 21-hydroxylase deficient mice that were 

treated with both the Cas9/guide and donor vectors; Don, homozygous 21-hydroxylase 

deficient mice that were only treated with the donor vector; ♀, female; ♂, male; ns not 

significant. Individual data points are shown, and error bars represent median and 

interquartile range. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 on Mann Whitney 

U test (Panel A) or ANOVA (Panel B). 
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Figure 6-16 Aldosterone and progesterone after genomic editing.  

A. Serum aldosterone. B. Renin expression demonstrated as the ratio of renal renin (Ren1) 

mRNA transcripts to Tbp transcripts. C. Aldosterone synthase expression demonstrated 

as the ratio of adrenal Cyp11b2 mRNA transcripts to Tbp transcripts. D. Serum 

progesterone. Abbreviations: +/+, wild-type 21-hydroxylase sufficiency; -/-, homozygous 

21-hydroxylase deficiency; HITI, homozygous 21-hydroxylase deficient mice that were 

treated with both the Cas9/guide and donor vectors; Don, homozygous 21-hydroxylase 

deficient mice that were only treated with the donor vector; ♀, female; ♂, male; Ren1, 

renin; Tbp, TATA-box binding protein; Cyp11b2, aldosterone synthase; ns not 

significant. Individual data points are shown, and error bars represent median and 

interquartile range. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 on Mann Whitney 

U test. 
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6.3.2.5  Reduction in adrenal hyperplasia following gene editing 
Adrenal gland hyperplasia improved after treatment with the Cas9 and donor vectors, 

with the reduction in size macroscopically visible (Figure 6-17). Prior to treatment, the 

donor-only homozygous mice had lower body mass than the untreated homozygous 

controls. There was a relationship between body size and adrenal mass in the untreated 

homozygous and treated female mice, but not in the male mice (Figure 6-18A and B). A 

correlation between body size and adrenal mass was not statistically significant in the 

donor-only female mice (r2 = 0.97) but the small sample size limited the statistical power 

of the comparison. The few numbers were due to the low fertility rate of the colony. 

Therefore, both absolute and relative adrenal mass is shown (Figure 6-18C and D). The 

smaller adrenal mass in donor-only females was due to their lower body weight and when 

adjusted for body weight was not significant. The absolute adrenal mass was reduced 1.9-

fold in the females and 1.4-fold in the males (Figure 6-18C). Adrenal mass relative to 

body size improved 1.6-fold in females and 1.1-fold in males (Figure 6-18D).  
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Figure 6-17 Photographs comparing untreated and treated adrenal gland size. 

Photographs of representative adrenal glands after fat dissection. Abbreviations: +/+, 

wild-type 21-hydroxylase sufficiency; -/-, homozygous 21-hydroxylase deficiency; ♂, 

male; ♀, female; HITI, homozygous 21-hydroxylase deficient mice that were treated with 

the Cas9/guide and donor vectors. 
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Figure 6-18 Adrenal gland size reduced after gene editing.  

A. Relationship between body weight and adrenal mass in female mice. B. Relationship 

between body weight and adrenal mass in male mice. C. Absolute bilateral adrenal mass. 

D. Bilateral adrenal mass represented as a percentage of total body mass. Abbreviations: 

+/+, wild-type 21-hydroxylase sufficiency; -/-, homozygous 21-hydroxylase deficiency; 

♂, male; ♀, female; HITI, homozygous 21-hydroxylase deficient mice that were treated 

with the Cas9/guide and donor vectors; Don, homozygous 21-hydroxylase deficient mice 

that were treated with the donor vector only, without the Cas9 vector; ns, not significant. 

Individual data points are shown, and error bars represent as median and interquartile 

range. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 on Mann-Whitney U test or 

linear regression modelling. 
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6.4  Discussion  

The adrenal cortex constantly renews itself from populations of stem and progenitor cells 

located in the capsule and outer cortex, with differentiated cells undergoing very minimal 

cellular replication as they pass down the cortex towards the medulla. As a result, standard 

rAAV-based gene therapy cannot provide a durable effect. Genomic editing has the 

potential to overcome this as it provides site-specific modifications that are passed on to 

daughter cells. This is the first known successful editing of the 21-hydroxylase locus in 

vivo. Not only was there successful genomic editing, but this editing event conferred 

phenotypic benefit in reducing pathological adrenal hypertrophy and improving 

steroidogenesis. As the specific capsid serotypes that transduce adrenocortical progenitor 

and mature cells have not yet been determined, it is likely this study targeted the 

differentiated adrenocortical cells. As such, it proves that the locus is amenable to 

effective gene editing and the reagents used could be repackaged into a suitable capsid 

once that is determined.  

 

Homology-independent targeted integration was the chosen strategy as it permits editing 

in both dividing and non-dividing cells. This accommodates potentially quiescent 

progenitor cells. Methods such as homology-directed repair (HDR),28 single homology 

arm donor mediated intron-targeting integration (SATI)4 or microhomology-mediated 

end-joining mediated gene insertion known as precise integration into target chromosome 

(PITCh),29 would not be appropriate as they require specific homology sequences that 

must be adapted to an individual’s single nucleotide polymorphisms flanking the target 

site. Other editing strategies such as base editing30 or prime editing25 would also have 

limited utility in 21-hydroxylase deficient CAH as they can only create single nucleotide 
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changes and the majority of CAH mutations are caused by large genetic recombination 

events between two CYP21 genes.31, 32  

 

The 21-hydroxylase locus is challenging, due to the presence of a pseudogene. In humans, 

there is 98% exonic and 96% intronic homology between the active 21-hydroxylase gene 

(CYP21A2) and the inactive pseudogene (CYP21A1P).12 This homology is an important 

consideration when choosing the target site for site-specific modification. The CYP21A2 

and CYP21A1P genes are 30 kb apart, and similarly 80 kb apart in the mouse. The target 

sequence must not be present in both the active and pseudogene or it risks cutting out a 

large segment of genome, including the complement C4B gene. Furthermore, it is 

preferable to design guides that target deep in non-coding regions of the locus, as a double 

stranded break and subsequent indels in a coding sequence of a hypomorphic allele could 

completely knock out any residual function. Thus, targeting introns is desirable. The 

Cyp21a1 gene is challenging as the introns are very small, meaning there are very few 

appropriate target sequences and PAM sites. Indeed intron 1 in murine Cyp21a1 is only 

64 bp (97 bp in the human), compared to other genes that have been the target of genomic 

editing by our team such as the murine Otc gene which has a first intron of over 14 kb. 

Therefore, the homology between the active and pseudogenes coupled with tiny introns 

severely limited the options for target sites, therefore in this study we only found three 

suitable guides to test. There are more than 10 different CRISPR/Cas systems that have 

been discovered and each Cas endonuclease recognises a different PAM sequence.33 

Therefore, alternate Cas protein choices have the potential to increase the number of 

target sites available for utilisation with HITI. An additional challenge in our study that 

was not anticipated was the difficulty in sequencing across the second intron due to 16 
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cytosine nucleotide repeats. This meant we could not reliably determine the presence of 

indels when the guide close to this site was used.  

 

Guide 1 was chosen as it was the only guide of the three tested that demonstrated indels 

in the liver and then at high doses was able to demonstrate indels in the adrenal gland as 

well. However, in our lab we have shown that Cas9-induced double stranded DNA breaks 

in some target sequences repair more faithfully than others and that indels may not be the 

most effective way to determine guide efficiency. It is plausible that a double-stranded 

break induced at the target site for Guide 3 may not have resulted in indels due to the 

DNA repairing faithfully. In the future this could be analysed using a strategy that also 

supplies a repair template and sequencing for the insertion of the donor cassette. However, 

this was not pursued as Guide 1 was able to demonstrate proof of concept.  

 

Due to the small size of the Cyp21a1 introns limiting target site choice, the chosen guide 

site disrupted the splice acceptor region of the second exon. Therefore, the native splice 

site could not be included in the donor vector and an alternative splice acceptor sequence 

was included in the donor vector. This ensured that the native exon 1 would splice 

together with the donor exon 2 to create functional mature mRNA once the donor cassette 

was properly integrated into the genome.  

 

Co-delivery of the Cas9/guide vector and donor template vector was able to deliver site-

specific modification in the Cyp21a1 locus in both the liver and adrenal glands. The 

editing efficiency was 2-fold higher in the liver than the adrenal gland. Higher editing 

efficiency in the liver was expected as more vector reached the liver than adrenal. 

However, it was not as high as expected given the Cas9/guide and donor vector 
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vcn/diploid cell in the liver was 4-fold and 11-fold higher than the adrenal gland, 

respectively. We postulate that given Cyp21a1 is not expressed in the liver, the locus may 

have been compacted and methylated rendering it less accessible to the editing reagents. 

 

Theoretically, when a HITI strategy is utilised, if the donor template is inserted in the 

reverse orientation the target sequence and PAM sites are reconstituted, allowing re-

cleavage by Cas9, providing an opportunity for the donor segment to be reinserted in the 

correct orientation. However, reverse oriented insertions were detected with the ratio to 

correct orientation to reverse orientation insertions in the adrenal gland approximately 

1.8:1. A similar ratio of correctly orientated to reverse oriented inserts (2:1) has been 

previously detected when AAV6 was used to deliver HITI-mediated editing of 

haematopoetic stem cells ex vivo, with correctly inserted editing rates of approximately 

4% of total alleles, and reverse oriented inserts approximately 2% or total alleles on 

ddPCR.5  The process of repairing double-stranded DNA cleavage can also induce indels, 

which means that even with the target sequence and PAM site realigning, indels may 

render the sequence unrecognisable by the guide strand and therefore Cas9 cannot make 

further DNA cuts. Partial or reverse insertion of a donor cassette is non-therapeutic so the 

strategy needs to be optimised to maximise the number of correctly inserted fragments, 

such as through the use of alternative Cas proteins that rely on microhomology, for 

example Cas12a.34 

 

Despite a low number of alleles detected as having the 5’ junctional insertion (median 

6.7% in males and 7.8% in females) and therefore assumed to have been correctly edited, 

there were proportionally more detected edited transcripts (median 34% in males and 43% 

in females). This could be explained by several possibilities. A large number of non-
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steroidogenic cells that do not express the native transcript may have remained unedited 

(such as medullary cells) and the steroidogenic cells that had an allele successfully edited 

had high expression of this edited transcript. However, as 21-hydroxylase is transported 

from the nucleus to the endoplasmic reticulum and not released extra-cellularly, this high 

rate of functional transcript production would be isolated to the low number of individual 

cells that had been successfully edited. Furthermore, non-functional mRNA transcripts 

may be actively degraded, such as via nonsense mediated decay.35 Additionally, there 

may have been alleles that underwent editing events that were not detectable by the dPCR 

methodology used, but nevertheless reconstituted 21-hydroxylase expression.  

 

A limitation of the use of PCR to determine and quantify on-target events is that 

unintended events may not be detected. These events could include subgenomic 

integration of vector DNA from the Cas9/guide or donor vectors. On-target unintended 

events will compete with the complete donor segment and reduce the editing efficiency. 

Deletions that result in destruction of the PCR primer binding site or large insertions that 

separate the primer binding sites to produce a PCR amplicon beyond the size limit of the 

technology will be missed. Additionally, smaller insertions and deletions will not be 

detected if the PCR amplicon remains the same size. Unintended on-target recombination 

must be considered and technology such as long read DNA sequencing could be utilised 

to determine the presence of these events.6  

 

Despite the detected editing events in the adrenal gland being low our experiments 

conferred a phenotypic benefit. Serum corticosterone increased in both sexes, but the 

treated mice did not reach wild-type corticosterone levels for their sex. The treated 

females produced corticosterone levels that were comparable to the wild-type males. 
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Female wild-type mice have a higher corticosterone level than males, a phenomenon that 

occurs in the reverse in humans.36, 37 Less than 1 in 10 alleles were demonstrated to be 

corrected in the adrenal gland: it is postulated that improved editing efficiency may 

improve the corticosterone production. This could be achieved by using a more highly 

adrenal-tropic rAAV serotype such as Anc80 (Chapter 5). There was subsequent 

improvement in adrenal hyperplasia, likely due to the improved corticosterone production 

allowing negative feedback on the pituitary and reducing ACTH release. The study period 

was completed 4 weeks after treatment; however, it is postulated that if the study interval 

was longer there may have been further reduction in adrenal size, particularly in the males 

who had near normal corticosterone production. A limitation of this study was that the 

recently born homozygous mice had smaller adult body weights than those homozygous 

used as controls. This was likely due to environmental noise from local construction work 

that had also reduced the fertility rate. Due to the scarcity of the model (low survival rates 

of 21-hydroxylase deficient animals and reduced fertility) priority was given to the dual 

Cas9/guide and donor vector treatment groups. Data to complete the donor-only and 

guide-only treatment groups will be accrued beyond the timeline of this thesis. Similarly, 

long term dual vector treated mice will be set up to determine durability of effect using 

the Rh10 capsid or other capsids.  

 

Aldosterone production was markedly elevated in the treated mice. Aldosterone is only 

produced in picomolar concentrations whereas corticosterone is produced in nanomolar 

concentrations. Therefore, a smaller amount of aldosterone is needed to be produced to 

completely normalise the axis, and renin (Ren1) expression normalised. The over-

production of aldosterone was due to upregulation of aldosterone synthase (Cyp11b2) due 

to chronic hypoaldosteronism. It has been shown that Cyp11b2 is markedly upregulated 
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18 weeks after treatment with a gene addition strategy that normalised urine 

progesterone.38 Our study was less than a quarter of the duration of this previously 

published study so the persistent elevation in Cyp11b2 that was found was expected. 

However, the level of Cyp11b2 expression following gene editing was reduced more than 

following CYP21A2 delivery to the liver (Chapter 4.1), both of which had a 4-week study 

duration. The improved aldosterone production suppressed Ren1 expression in the 

kidneys despite not completely normalising Cyp11b2 expression in the adrenal glands. It 

is unclear why aldosterone synthase over-expression is more persistent than renin 

expression. 

 

Despite recovery of corticosterone production, progesterone did not reduce. Studies using 

a gene addition strategy reduced urinary progesterone by 75% at 5 weeks38 or reduced 

serum progesterone 10-fold by 2 weeks.39 When using a gene addition strategy, every cell 

that is transduced may express 1 or more copies of 21-hydroxylase to utilise the 

progesterone substrate. However, with our editing approach, we successfully edited less 

than 10% of alleles in the adrenal cortex. While this was enough to confer improvement 

in corticosterone, the progesterone remained elevated. A similar situation is seen in non-

classical CAH where serum cortisol response to ACTH stimulation is normal, however 

there is elevated 17OHP and androgens. In non-classical CAH, there is approximately 10-

50% residual function in the mutant 21-hydroxylase enzyme, which although 

corticosterone can be produced it cannot do so efficiently enough to reduce ACTH 

stimulation and subsequent androgen production.40 While 100% activity in 10% of cells 

and 10-50% activity in 100% of cells is not directly comparable, it is plausible that 

normalisation of progesterone requires the greatest 21-hydroxylase activity. Nevertheless, 
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our strategy has the potential to improve a clinical phenotype from severe salt-wasting to 

the much milder non-classical CAH. 

 

One major challenge that has not been addressed by this study is the delivery of the editing 

reagents to the correct target cells. The adrenal cortex undergoes constant cellular renewal 

and differentiated adrenocortical cells undergo very minimal replication. Thus, for a 

robust, durable effect, the stem/progenitor pool must be edited, rather than just the 

differentiated cells.41 This study did not attempt to determine whether the progenitor cells 

had been edited: if this study was to extend beyond the turnover period and a durable 

effect was seen, it could be inferred that the progenitor pool was transduced, without 

isolating this unknown cellular population. Indeed, further studies are planned to 

elucidate this.  

 

To our knowledge, targeted editing events have taken place in the adrenal cortex in one 

previous study, and this team also used a HITI approach. In this study, the capsid serotype 

AAV9 was chosen for widespread targeting, particularly the liver, brain and spinal cord. 

Sequencing results revealed editing events in the liver and adrenal cortex with expression 

of edited transcript in corpus callosum of the brain, brain stem, spinal cord, liver, kidney, 

testis, and adrenal cortex.42 However, the adrenal cortex was not a target organ, and there 

was no attempt to quantify the editing events or to determine the durability of expression 

in the adrenal cortex. Most studies that examine editing events outside of the target organ 

do not include the adrenal gland in their analysis, and it is likely that due to the affinity 

for AAV for the adrenal cortex that other studies have edited the adrenal gland in the past 

but went unrecognised. 
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One of the major concerns with gene editing, is the avoidance of inadvertent editing of 

germ cells in the gonads, prior to completion of reproduction choices. The adrenal cortex 

and gonads share embryological origins, so that it is feasible that a capsid that targets the 

adrenal cortex could potentially also target cells of the gonads. Indeed, edited gene was 

expressed in the testis and adrenal gland when the brain was targeted.42 To clarify, 

analysis of the biodistribution of viral vectors to the gonads and their ability to transduce 

and edit germ cell genomes would be required. The first step for this study would be to 

sequence DNA from the gonads to determine the presence of editing events, and then 

follow this in the longer term to determine if there is sustainment of these editing events 

or if the edited cells are lost. A suggested methodology to determine the transmissibility 

of editing events in the gonads is to determine the presence of the editing event in 

offspring of the edited animal.43 However, mice with CAH are infertile, due to the high 

progesterone levels, so in this particular model it would be difficult to ascertain.  

 

This study utilised rAAV vectors to deliver both CRISPR/Cas9 and the donor template. 

Expression of transgene delivered by rAAV has been documented to persist up to 8 to 10 

years after treatment in humans.44, 45 Long-term expression of Cas9 may result in 

prolonged editing events and increased risk of off-target events. Furthermore, the Cas9 

vector requires the inclusion of promoter-enhancer elements, which risk inadvertent 

integration into the host genome. Therefore, the gene editing field is moving towards the 

delivery of editing reagents as mRNA via lipid nanoparticles (LNP).46-50 There is 

mounting evidence that LNP can deliver CRISPR/Cas9 to the adrenal gland48; however, 

this has not yet been exploited for genetic adrenal disorders. LNP are currently unable to 

effectively deliver large DNA cassettes to the nucleus,51 therefore rAAV is still required 

to deliver the donor cassette. However, if the native promoter is captured by the editing 
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strategy, the donor cassette has no requirement for a strong promoter-enhancer element 

and thus the use of a combined LNP/rAAV strategy could improve safety.  

 

This study demonstrated that rAAV-mediated delivery of CRISPR/Cas9 and a donor 

template to the adrenal gland via systemic delivery can induce targeted integrative editing 

events that conferred clinical benefit through phenotype correction. Repairing the murine 

native mutant locus restored 21-hydroxylase function under physiological control. While 

this study provides proof-of-concept that the locus is amenable to editing with phenotypic 

effect, future work is required to determine durability, safety and to translate into humans. 

Targeting the adrenocortical progenitor cells is required to ensure there is a robust effect 

despite adrenocortical cellular turnover. Moreover, the utilisation of lipid nanoparticles 

to deliver CRISPR/Cas9 as mRNA should be the focus of future work to improve safety 

by limiting prolonged expression of Cas9 and to remove the delivery of strong promoter-

enhancer elements that risk integration in an off-target site.  
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Chapter 7 
 

 

Towards genomic editing as a 
therapeutic approach to congenital 

adrenal hyperplasia 
 

7.1  General discussion 

Congenital adrenal hyperplasia due to 21-hydroxylase deficiency is a life-threatening 

condition where cortisol and aldosterone cannot be synthesised in adequate quantities. 

Untreated, the severe, classical salt-wasting form can result in neonatal death however 

there is increased risk of mortality in all forms.1 Steroids were first utilised as therapy for 

CAH in the 1950s and remain the foundation for treatment.2-4 While exogenous steroids 

are life-saving, they cannot mimic the physiological secretion of cortisol, and a number 

of complications arise in CAH from both over-and under-treatment. New treatments are 

sought. The gene therapy field will revolutionise the modern medical management of 

many monogenic diseases and this thesis addresses the application of rAAV-based gene 

therapy to CAH. Recombinant AAV is the leading viral vector for in vivo gene delivery, 

and the prospect of a “one and done” treatment for monogenic adrenal disorders such as 

CAH with rAAV gene therapy is enticing. The culmination of this thesis lays the 

foundation for the utilization of recombinant AAV vectors for the treatment of CAH. 
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There are some challenges that must be surmounted to apply rAAV gene therapy to the 

adrenal cortex. Despite this, a clinical trial is underway that utilises the serotype AAV5 

to deliver CYP21A2 cDNA systemically to humans with CAH at four dose rates 

(ClinicalTrials.gov: NCT04783181). By January 2024, seven adults had been treated with 

the vector, with one participant’s serum cortisol improving from 105 nmol/L at baseline 

to 235 nmol/L at week 12.5 However, this trial does not address the challenges of applying 

standard gene addition-based rAAV gene therapy to the adrenal cortex, nor does it take 

into account the effect of systemically expressed vector,6, 7 and has been criticised as 

premature.8 AAV genomes are predominantly episomal and will be lost during cellular 

replication.9, 10 This has implications for the adrenal cortex as it undergoes constant 

cellular renewal from populations of stem and progenitor cells in the periphery of the 

cortex, and no previous work on gene therapy for CAH has been able to address this issue 

with a statistically significant phenotypic effect.9, 11-13 

 

One strategy that could overcome the limitations imposed by the biology of the adrenal 

cortex is to deliver the 21-hydroxylase gene to a readily targetable organ outside of the 

adrenal cortex.6 This theoretical possibility was explored in Chapter 4 by delivering 

rAAV vectors encoding human 21-hydroxylase (CYP21A2), with or without human 11ß-

hydroxylase (CYP11B1), for specific hepatic expression in a mouse model for CAH. The 

liver was chosen for several reasons:  

- the use of rAAV for gene delivery to the liver is well established,14-16 

- it is a relatively stable organ in adults, with durable rAAV-delivered transgene 

expression for life,17 and 

- there are already hepatically expressed cytochrome P450 enzymes that 21-

hydroxylate progesterone.18  
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Therefore, the liver was the logical site for ectopic adrenal enzyme delivery. Hepatically-

expressed adrenal enzymes were shown to co-operatively reconstitute adrenal 

steroidogenesis, with increases in aldosterone and corticosterone production and resultant 

normalisation of renin expression and reduction in adrenal gland size.6 While 

corticosterone did not reach wild-type levels, aldosterone was normalised and this 

strategy could also be considered for mineralocorticoid defects such as aldosterone 

synthase deficiency. Additionally, this showed that extra-adrenal enzyme expression can 

have a meaningful clinical effect, therefore a biochemical effect seen when utilising 

systemically delivered rAAV encoding adrenal enzyme genes with a ubiquitous 

promoter-enhancer cannot be definitively attributed to adrenal transgene expression 

alone. Ectopic adrenal enzyme delivery could be directly applied to an adult population 

with completed liver growth; however, this strategy would need to be adapted to a gene 

editing approach for a durable effect in the paediatric CAH population due to hepatocyte 

replication during organ growth. 

 

As the glucocorticoid production was not completely normalised and the delivery of 

standard rAAV gene therapy to the paediatric population would not provide a durable 

effect, designing a durable gene therapy that targets the adrenal cortex was warranted. 

There has been no published attempt to optimise rAAV capsid serotype choice for 

targeting the adrenal cortex. It is plausible that rAAV could efficiently transduce 

adrenocortical cells due the biological properties it shares with the liver: high blood flow 

relative to organ size19 and fenestrated endothelium.20 In Chapter 5, a comprehensive 

panel for 67 known rAAV capsid serotypes were tested for efficiency of adrenal gland 

transduction and multiple serotypes were found that delivered gene expression more 

efficiently than the commonly used Rh10. While transduction efficiency is important for 
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efficacy of the treatment, packaging efficiency must also be considered. This was not 

specifically examined in this thesis, however virus production when using the Anc80 

capsid had a reduced yield compared with other serotypes and therefore may not be the 

ideal serotype with which to pursue a commercial product. Nevertheless, the biology of 

the adrenal cortex obviates the use of standard rAAV gene addition,9, 21 and thus targeting 

the adrenocortical progenitor cell population is warranted. Therefore, single nuclei RNA 

sequencing was used to develop transcriptomic atlases for the wild-type and 21-

hydroxylase deficient murine adrenal glands, and to identify adrenocortical progenitor 

cells. This was the first time that potential adrenocortical progenitor cells were identified 

on single cell transcriptomic analysis and could be used in future studies to confirm 

transduction with rAAV. In future work, the top rAAV capsid serotypes that were 

determined in Chapter 5 will be used to construct a customised AAV testing kit that is 

compatible with single cell transcriptomics to identify which of these top candidates can 

transduce murine adrenocortical progenitor cells.  

 

For a durable effect, gene therapy for CAH must edit the genome of the adrenocortical 

progenitor cells to ensure subsequent daughter cells maintain the correction. As the 

optimal rAAV serotype for gene delivery and expression to the adrenocortical progenitor 

cells has not yet been determined, the gene editing approach that was developed was 

pseudo-serotyped with Rh10 which was known to deliver gene expression to the 

differentiated cells of the adrenal cortex. This study commenced prior to the identification 

of rAAV capsid serotypes with functional transduction efficiency greater than Rh10 in 

Chapter 5. Homology-independent targeted integration was the chosen strategy as it 

permits editing in both dividing and non-dividing cells which accommodates potentially 

quiescent progenitor cells, and methods that utilise homology such as HDR22, SATI23 or 
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PITCh24 would require specific homology sequences that cater for an individual’s single 

nucleotide polymorphisms. Other editing strategies such as base editing25 or prime 

editing26 have limited utility in 21-hydroxylase deficiency as they can only cause single 

nucleotide or short sequence changes and the majority of pathogenic mutations in 

CYP21A2 are caused by large genetic recombination events between two CYP21 genes.27, 

28 Prime editing is a new technology which causes less off-target events than standard 

CRISPR/Cas9 systems,26 and despite its current limited applicability to 21-hydroxylase 

deficiency, work is underway to develop strategies which may allow the introduction of 

larger genetic changes.29 However these developments are in their early stages and prime 

editing has low editing efficiency and limited safety data.30 Furthermore, the system is 

too large to be packaged into rAAV which limits in vivo delivery,30 however, non-viral 

delivery methods such as LNP have a larger packaging capacity than AAV and LNP could 

facilitate in vivo prime editing for 21-hydroxylase deficiency.31 In Chapter 6, the 21-

hydroxylase locus was shown to be amenable to HITI-based editing, despite challenges 

with targeting the Cyp21a1 locus due to small introns resulting in limited non-coding 

regions from which to safely choose target sites, and the presence of a highly homologous 

pseudogene, limiting the target sites to only those that are unique to Cyp21a1. Despite 

these challenges, locus-specific genomic modification was achieved, and this had a 

phenotypic effect. Using a HITI strategy, there was evidence of correction of the Cyp21a1 

gene in less than 10% of alleles. This was determined using digital PCR to quantify the 

presence of 5’ junctions between the host genome and the donor cassette. Despite the 

apparent small rate of correction there was a phenotypic effect with increased 

mineralocorticoid and glucocorticoid production, reduction in renin and aldosterone 

synthase expression and reduction in adrenal size. A phenotypic benefit was considered 

possible despite a low editing efficiency. A small increase in enzymatic function can have 
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a profound effect on the phenotype with only 2% residual activity required for a simple-

virilising phenotype which is more mild than classical salt-wasting CAH, with the caveat 

that 2-10% enzyme activity in 100% of cells is not directly comparable to 50-100% 

activity in 10% of cells. This strategy could be repackaged in an appropriate capsid 

serotype that targets the adrenocortical progenitor cells once it has been determined.  

 

When utilising HITI, the process of targeted DNA cleavage mediated by Cas9 should 

repair via NHEJ with indels, or, in the presence of a donor template, integration of the 

provided template sequence. However, emerging evidence suggests the existence of 

additional outcomes beyond these expected events.32-36 These phenomena are often 

overlooked, primarily due to the prevalent use of PCR for the detection of editing 

events.36 The reliance on PCR introduces bias as it necessitates assumptions regarding 

potential outcomes. Integration of subgenomic fragments sourced from either the 

Cas9/guide vector or donor vector may occur, and these events compete with integration 

of the correctly oriented donor cassette. Additionally, when utilising homology-directed 

repair (HDR), the donor template has the potential to form concatemers with chimeric 

ITRs and these large sequences may integrate at the cut site.36 During HDR, the frequency 

of this occurrence is reduced when ITRs are removed after transduction.36 AAV 

concatemer integration at the cut site has not been reported when utilising HITI, and ITRs 

are routinely removed from the donor cassette when a HITI strategy is employed. 

However, it is plausible that concatemers of Cas9 vector genomes could integrate at the 

cut site in a similar way, although the absence of homology arms may reduce this effect. 

Nevertheless, unintended on-target recombination must be considered and advanced 

sequencing technology such as PCR-free long-read DNA sequencing could present a 

viable approach to determine the occurrence of these events.37  
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Recombinant AAV serotype tropism for cell populations in one species is not necessarily 

translatable to other species including humans. Therefore, both gene therapy strategies 

discussed in Chapters 4 and 6 of this thesis would need to be repackaged for human 

clinical translation. Using rAAV to deliver adrenal enzymes to the liver in humans could 

be achieved using a high human liver-tropic capsid serotype such as the AAV-SYDs,53 

AAV-NP5938 or AAV-LK03,54 rather than the murine liver-tropic AAV8 serotype. A 

method to test rAAV capsid tropism for human adrenocortical cells needs to be 

developed. This is complicated by the difficulty in identifying adrenocortical progenitor 

cell populations, which would need to be targeted for an adrenal-directed gene editing 

approach to have a durable effect. Chimeric human/mouse liver models have been used 

to establish AAV capsid tropism for human hepatocytes,53 but a similar method has not 

been established for the human adrenal cortex. Donated human livers that were not 

suitable for organ transplantation were maintained on a perfusion circuit to facilitate 

rAAV capsid testing39; perhaps cadaveric adrenal glands could be similarly maintained 

for pre-clinical capsid investigation. Organoids are three-dimensional cell cultures with 

cell organisational structure and function that resembles the original organ,40 and have 

been utilised for pre-clinical rAAV capsid selection in human-derived tissue, including 

liver, retinal, cerebral, cardiac, intestinal, lung and renal.38, 41-46 It is plausible that 

organoids could be used to study rAAV capsid tropism for the human adrenal gland. 

However, adrenal organoids are not well established, and differentiating the cells beyond 

a foetal-like adrenal state remains challenging.47 Adrenocortical tumour organoids, 

foetal-like adrenal organoids and adrenal organoids derived from animal cells have been 

produced,47-49 but organoids with post-natal human adrenocortical cell properties remain 

elusive.  
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Assuming an appropriate rAAV capsid serotype for human adrenal cortex is determined 

separately, testing the editing reagents could be achieved using a humanised mouse 

model, where the human CYP21A2 locus has replaced the murine Cyp21a1 locus.50 This 

would allow editing reagents to be tested that target the human CYP21A2 locus, however 

it would require an rAAV capsid that was murine tropic so could not assess the complete 

gene therapy product. The limitations of this model are that it does not have a human 

CYP21A1P pseudogene, and other unexpected off-target sites would be murine not 

human. As previously discussed, chimeric mouse/human liver models have been 

developed, and could be utilised to develop reagents that edit the native human locus. 

However, as CYP21A2 is not expressed in the liver, the locus may be methylated and 

more difficult to target, resulting in a lower editing efficiency rate. Nevertheless, the 

model would allow for the analysis of off-target events in the human genome. In addition 

to the limitations imposed by the CYP21A1P pseudogene, discussed in Chapter 6, when 

adapting the editing strategy to the human locus, it will be important to ensure that the 

chosen guide site or sites are not affected by single nucleotide polymorphisms as this 

could render the product non-functional in people with polymorphisms at that site.  

 

If both the gene therapy techniques described in this thesis were applied to humans, 

women and children with CAH would require strategies to manage ongoing elevation of 

androgens and related sequelae. This is less of an issue in men, and most men with non-

classical CAH do not require therapy once they have reached their final height. The 

requirement for fludrocortisone can be assessed with measuring plasma renin activity or 

absolute serum renin levels and with serum aldosterone. Additionally, patients treated 

with the either strategy will need their adrenal axis challenged with an ACTH stimulation 
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test to determine the peak cortisol production. The glucocorticoid treatment regimen is 

dictated by intrinsic cortisol production. If baseline cortisol is adequate but stimulated 

peak cortisol is suboptimal, only stress precautions may be required. However, if the peak 

stimulated cortisol is adequate, there is the potential that no additional glucocorticoid 

supplementation is required.  

 

Thirty years after AAV was first used for in vivo gene delivery,51 one of the major 

challenges that remains is liver toxicity. By December 2023, there were six rAAV-based 

gene therapies that were approved for use in the clinic in the world, targeting retinal, 

neurological, liver and neuromuscular diseases.52 A seventh, Glybera, the first rAAV-

based therapy to be approved, was taken off the market due to lack of demand and cost 

of manufacture.53 Two of these rAAV therapies were approved for use in Australia: 

Luxturna for RPE65 associated retinal dystrophy and Zolgensma for spinal muscular 

atrophy.52 Zolgensma is delivered intravenously for central nervous system treatment. 

Two human subjects that died from complications of their disease who had received 

treatment with the gene therapy had vector detected 300-1000 times higher in the liver 

than the central nervous system.54 Furthermore, two participants died due to acute liver 

failure following treatment with Zolgensma, and four patients died following during the 

ASPIRO clinical trial (NCT03199469) to treat X-linked myotubular myopathy, although 

those four subjects had pre-existing liver disease.55 The liver is the major target for most 

rAAV serotypes, and liver-detargeting should be considered when delivering systemic 

vector with the aim of targeting extra-hepatic organs, in order to minimise the risk of 

hepatotoxicity.55 Reduced liver targeting has been achieved with capsid manipulation, 

which reduces the viral load on the liver while maintaining dose efficacy for the target 

tissue.56, 57 Reducing gene expression through the use of promoters that are specific to 
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extra-hepatic organs or the use of microRNA to degrade mRNA in the liver can reduce 

immunogenicity to the transgene and potential off-target effects in the liver, however it 

does not reduce the risk of hepatotoxicity due to the vector itself.55 Therefore, 

consideration should be given to liver-detargeting when optimising a capsid to target the 

adrenocortical progenitor cells.  

 

The first CRISPR-based gene therapy has been approved for use in the clinic for treatment 

of the haemoglobinopathies sickle cell disease and transfusion-dependent ß-

thalassaemia.58 This strategy is a non-viral cell therapy and works by disrupting 

expression of BCL11A which is required for the suppression of foetal haemoglobin 

expression. By increasing foetal haemoglobin expression, which is biologically 

functional, this reduces anaemia and painful sickling attacks. While this approval, which 

comes only 11 years after the discovery of the CRISPR/Cas system,59 paves the way for 

other CRISPR based therapies, knocking out a gene’s function is much simpler than 

repairing a gene. With the HITI approach described in this thesis, a double-hit is required: 

the correct location in the genome must be cut, and the entire donor segment must be 

integrated in the correct orientation.  

 

An increasingly recognised risk of genomic editing is on-target unexpected events such 

as integration of sub-genomic fragments from either the Cas9 or donor vector, in addition 

to off-target editing events.32-36 When DNA is delivered by AAV it may be retained in a 

non-dividing cell for years60, 61 and Cas9 delivered as DNA will require promoter 

sequences to facilitate expression. Long-term expression of Cas9 may cause prolonged 

editing events. Furthermore, there is a risk that these strong promoter-enhancer sequences 

may be unexpectedly integrated. Therefore, the field is moving towards delivering Cas9 



 Chapter 7: Towards genomic editing as a therapeutic approach to congenital adrenal hyperplasia 

  

323 

 

as mRNA, which is transiently expressed and eliminates the requirement for strong 

promoter-enhancer elements, limiting editing events.62-65 Additionally, as Cas9 is 

provided as mRNA, it cannot be integrated into the cut site, limiting the opportunity for 

unproductive editing events at the target locus. LNP have been successfully used to 

deliver editing reagents (mRNA encoding Cas9 and a sgRNA) to the liver in humans to 

knock out TTR and KLKB1 for the treatment of transthyretin amyloidosis and hereditary 

angioedema, respectively.64, 65 These treatments target the liver, however there is 

emerging evidence that lipid nanoparticles (LNP) could be used to deliver mRNA to the 

adrenal gland. OnpattroTM (patisiran) is an approved LNP therapy for the treatment of 

hereditary transthyretin-mediated amyloidosis which delivers the therapeutic siRNA to 

the liver, and pre-clinical studies demonstrated LNP accumulation in the adrenal gland of 

rats.66 Additionally, a LNP gene therapy that utilised base editing in the treatment of 

familial hypercholesterolaemia demonstrated editing events in the adrenal glands of 

NHP.62 The liver and adrenal cortex share some features that may make the adrenal cortex 

is amenable to vector and LNP-mediated delivery of editing machinery in order to cure 

CAH including high blood flow relative to organ size19, fenestrated endothelium20, and 

high expression of the LDL receptor.67, 68 Ideally, genomic editing of the adrenal gland 

will move towards utilising LNP to deliver Cas9, however LNP is inefficient in the 

delivery of DNA to the nucleus and therefore there is an ongoing requirement for the 

donor cassette to be delivered by rAAV. However, if the native promoter is captured, the 

donor cassette can be developed without the need for strong promoter-enhancer elements 

and the combination of LNP/rAAV to deliver the editing machinery will be safer than 

dual rAAV vectors.  
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The immediate future directions for this work include determining the durability of the 

editing strategy by following mice long term (up to 12 months), past the adrenocortical 

turnover period. Additionally, using a highly adrenal-tropic capsid serotype found in 

Chapter 5 (such as NP22 in female mice or Anc80 in either sex) or the utilisation of LNP 

could be used to determine if the editing efficiency can be improved. The next direction 

for the capsid tropism work is to determine if any of the top capsids found in Chapter 5 

can transduce the adrenocortical progenitors through either scRNA Seq to directly 

identify cells expressing markers for adrenocortical progenitor cells that are co-

expressing barcodes from AAV genomes, or through indirect identification with durable 

expression of a reporter gene in a reporter mouse model. Additionally, the delivery of 

editing reagents by LNP to the adrenal gland should also be explored, to improve the 

safety and efficacy of the editing strategy.  

 

While there are challenges yet to be surmounted, including improving on-target editing 

efficiency, determining tropism for human adrenocortical progenitor cells, and safety 

analysis including gonadal off-target effects, this thesis provides the foundation on which 

future work can build towards a goal of treating CAH with AAV-based gene therapy in 

the clinic.  
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Abstract 
Primary adrenal insufficiency (PAI) occurs in 1 in 5 to 7000 adults. Leading etiologies are autoimmune adrenalitis in adults and congenital adrenal 
hyperplasia (CAH) in children. Oral replacement of cortisol is lifesaving, but poor quality of life, repeated adrenal crises, and dosing uncertainty 
related to lack of a validated biomarker for glucocorticoid sufficiency persists. Adrenocortical cell therapy and gene therapy may obviate many 
of the shortcomings of adrenal hormone replacement. Physiological cortisol secretion regulated by pituitary adrenocorticotropin could be 
achieved through allogeneic adrenocortical cell transplantation, production of adrenal-like steroidogenic cells from either stem cells or lineage 
conversion of differentiated cells, or for CAH, gene therapy to replace or repair a defective gene. The adrenal cortex is a high-turnover organ 
and thus failure to incorporate progenitor cells within a transplant will ultimately result in graft exhaustion. Identification of adrenocortical 
progenitor cells is equally important in gene therapy, for which new genetic material must be specifically integrated into the genome of 
progenitors to ensure a durable effect. Delivery of gene-editing machinery and a donor template, allowing targeted correction of the 21- 
hydroxylase gene, has the potential to achieve this. This review describes advances in adrenal cell transplants and gene therapy that may 
allow physiological cortisol production for children and adults with PAI.
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Excess mortality and morbidity remain for people with pri
mary adrenal insufficiency (PAI), despite adrenal steroid re
placement (1, 2). PAI, including Addison disease (AD) and 
congenital adrenal hyperplasia (CAH), are characterized by 
insufficient production of the key adrenocortical hormones. 
AD is commonly due to autoimmune adrenal destruction 
with sequential loss of aldosterone and then cortisol secretion 
(3). CAH is the most common form of PAI in children and in
cludes 7 monogenic adrenal disorders, caused by mutations in 
genes coding for various enzymes in the adrenal steroidogenic 
pathway: CYP21A2, CYP11B1, CYP17A1, 3BHSD, STAR, 
CYP11A1, and POR (4). In approximately 95% of cases, 

CAH is due to autosomal recessive pathogenic variants 
in the CYP21A2 gene. Loss of activity of the adrenal biosyn
thetic enzyme 21-hydroxylase results in varying degrees of ad
renal insufficiency and concomitant adrenocorticotropin 
(ACTH)-driven overproduction of adrenal-derived androgens 
(4). Phenotypically, 21-hydroxylase–deficient CAH can be 
divided into classic and nonclassic forms, with the classic 
form further divided into salt-wasting and simple virilizing. 
Although the phenotypes are defined as such, the phenotype 
seen in 21-hydroxylase deficiency is a continuous spectrum 
based on residual enzyme activity. While aldosterone defi
ciency is not generally clinically significant in simple virilizing 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/108/6/1273/6972401 by U
niversity of Sydney user on 01 M

ay 2024

https://orcid.org/0000-0002-8476-220X
https://orcid.org/0000-0002-5069-0981
mailto:Lara.graves@health.nsw.gov.au
https://doi.org/10.1210/clinem/dgac751


1274                                                                                            The Journal of Clinical Endocrinology & Metabolism, 2023, Vol. 108, No. 6

and nonclassic CAH, there is some degree of aldosterone defi
ciency in all phenotypes (5). Most patients have compound het
erozygosity, and the phenotype tends to correlate with the less 
severe allele (6, 7). Pathogenic variants in the CYP11B1 gene 
are the second most common cause of CAH and result in 
CAH with elevated deoxycorticosterone and 11-deoxycortisol, 
virilization, and hypertension due to the mineralocorticoid 
effect of deoxycorticosterone (4).

The isolation and synthesis of adrenal steroids in the 
mid-20th century provided effective replacement of cortisol 
with hydrocortisone, cortisone acetate, or synthetic steroids 
and aldosterone with fludrocortisone, ensuring prolonged sur
vival (3, 8, 9). Ongoing clinical difficulties in PAI include a 
2-fold increased mortality largely due to cardiovascular, ma
lignant, and infectious causes with higher mortality in women 
(1); impaired quality of life in a substantial minority of treated 
cases (10); and potential overtreatment or undertreatment 
with glucocorticoids, given the lack of a practically validated 
biomarker to allow dose individualization (1). Adrenal crises 
also remain a substantial issue in treated AD, with an annual 
incidence of 6% to 8% (11, 12). Nearly half of all affected in
dividuals with AD experience at least one adrenal crisis in 
their lifetime (12). The mortality rate associated with each ad
renal crisis event may be as high as 6% in individuals with AD 
optimally educated in crisis management (13). A detailed re
view of adrenal crisis has recently been published elsewhere 
and is beyond the scope of this review (14).

Children with CAH have the burden of androgen excess 
with virilization of the genitalia, premature pubarche, central 
precocious puberty, rapid skeletal growth and maturation, 
menstrual irregularity, short stature, and hirsutism. In adult
hood health risks include reduced fertility due to disturbance 
of hypothalamic-pituitary gonadal function, adrenal rest tis
sue within testes (or ovaries) that may cause infertility, obes
ity, hypertension, low bone density, reduced stature, and 
neurocognitive effects such as attention-deficit/hyperactivity 
disorder, anxiety, and depression (15-21). There is reduced 
life expectancy by almost 2 decades, and adrenal crisis re
mains the major cause of death for individuals with CAH 
(2, 21, 22). For most people with CAH, hormone replacement 
rarely achieves simultaneous optimal adrenal hormone re
placement and androgen suppression, to the extent that bilat
eral adrenalectomy is occasionally considered (23).

In skeletally immature children with adrenal insufficiency, 
standard maintenance therapy is thrice-daily oral hydrocorti
sone, with fludrocortisone if biochemically indicated. Adults 
should be treated with twice- or thrice-daily hydrocortisone 
or other long-acting glucocorticoids with or without fludro
cortisone (3, 24). However, the balance between overtreat
ment and undertreatment, and quality of life, is challenging. 
Attempts to mitigate the shortcomings of conventional oral 
glucocorticoid tablets, attributed in part to a lack of normal 
circadian cortisol concentrations, have included multidosing 
diurnal regimens, long-acting hydrocortisone preparations 
including once-daily Plenadren (suitable for adults with 
AD) (25) and twice-daily Efmody (suitable for people 
aged > 12 years with CAH) (26) and experimentally, subcuta
neous hydrocortisone infusions (27, 28). Plenadren combines 
immediate- and delayed-release hydrocortisone (29). Efmody 
is a modified-release hydrocortisone that attempts to mimic 
the circadian rhythm through delayed release and sustained 
absorption with a twice-daily dosing regimen marketed for in
dividuals with CAH older than 12 years (30). However, when 

compared to standard therapy, there was no difference in the 
24-hour 17-hydroxyprogesterone (17OHP) profile (31). 
Pulsatile glucocorticoid signals are required for regulatory sys
tems within the hypothalamic-pituitary-adrenal axis and 
long-acting synthetic glucocorticoids cannot mimic this (32). 
While quality of life may be improved with these long-acting 
preparations, this has not been subject to double-blinded 
clinical trials. None of these approaches offer the panoply of 
features needed to recapitulate physiology, including individ
ualized glucocorticoid replacement in accord with circadian, 
ultradian, and stress requirements. Recovery of native adreno
cortical function has been achieved in a minority of individu
als with autoimmune AD, using immunosuppression and/or 
ACTH stimulation (33-35). This implies a population of po
tentially hormonally viable adrenocytes that may recover 
with appropriate stimulus and protection from autoimmune 
attack and remains an area of ongoing investigation as has 
been extensively and recently reviewed (36).

There is precedent for endocrine cell therapy in place 
of pharmacologic hormone replacement, with allogeneic pan
creatic β-cell transplantation for type 1 diabetes already in 
clinical use. It is evident from the islet cell experience that het
erotopic cell transplantation is feasible and that in appropri
ately selected patients, the risks of immunosuppression are 
outweighed by the restoration of physiological regulated hor
mone secretion (37-40). Provision of self-sustaining adrenal 
cell therapy regulated by physiologic stimuli for people with 
PAI and/or durable installation of a functioning gene in 
CAH offers the potential for restoration of normal physiology 
without the requirement for constant patient intervention 
(Fig. 1). Recent work has moved cell and gene therapies closer 
to realization and is the subject of this review.

Adrenal Ontogeny and Regeneration
The adrenal cortex originates from the adrenogonadal prim
ordium, a cluster of cells in the coelomic epithelium that 
give rise to adrenal and gonadal anlagen (41). The adrenal an
lagen are invaded by neural crest cells to form the medulla and 
fibroblasts to form the adrenal capsule (42). The molecular 
signals driving differentiation toward either the adrenocorti
cal or gonadal phenotype remain to be fully defined, but 
GATA binding protein 4 activation appears critical in gonadal 
differentiation (43, 44). In fetal life there is an initial develop
ment of the adrenal cortex as the large central fetal zone, fol
lowed by the peripheral definitive zone and later the 
transitional zone. The inner fetal zone involutes postnatally 
via apoptosis, and the definitive zone gives rise to the adult 
zona glomerulosa and zona fasciculata (45). The zona reticu
laris (present in humans and nonhuman primates [NHPs]) be
gins to form in humans from age 4 to 6 years and by 6 to 8 
years produces adrenal androgens including dehydroepian
drostenedione, testosterone, 11-β hydroxytestosterone, and 
11-ketotestosterone, a process known as adrenarche (46-48).

The capacity of the rat adrenal to regenerate from remain
ing capsular cells after enucleation was described in 1938 
(49). Cell-lineage tracing has confirmed long-held notions of 
centripetal migration and lineage conversion of adrenocorti
cal cells across adrenal zones until apoptosis at the corticome
dullary junction (50-53). In addition to cell-programmed 
death, steroidogenesis results in accumulation of reactive oxy
gen species and as a result of this adrenocortical cells are sen
sitive to an iron-dependent mechanism of cell death known as 
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ferroptosis (54, 55). With the high rate of cell turnover, adre
nocortical cells are relatively short-lived (56). This has import
ant implications for the application of cellular therapies, 
particularly when compared to the characteristics of islet cells, 
which are long-lived cells with low turnover (57).

Paracrine factors crucial in adrenocortical cell development 
include those of the sonic hedgehog (SHH) and wingless-type 
MMTV integration pathway (Wnt) pathways (Fig. 2). 
Glioma-associated oncogene homolog (GLI1) expressing cap
sular cells respond to paracrine effectors of the SHH pathway 
and are important in cell differentiation and adult tissue 
regeneration through proliferation. Wilms tumor 1 
(WT1)-expressing cells produce WT1, which initiates synthe
sis of steroidogenesis factor 1 (SF-1, encoded by the gene 
NR5A1), a transcription factor essential for adrenal develop
ment and an initiator of steroidogenic gene expression 
through binding to their response elements (58, 59).

GLI1+/SF-1–capsular cells appear to behave as adrenocort
ical stem cells, giving rise to SF-1 + cells and the SF-1+/SHH + 

progenitor cell pool (60). Canonical β-catenin–dependent 
Wnt signaling (Wnt 4 and 5) is essential for adrenal develop
ment and maintenance of the subcapsular progenitor cell 
population. β-catenin expression is present in the progenitor 
cells and the differentiated zona glomerulosa cells but absent 
in the zona fasciculata cells as ACTH dependence develops 
(50, 61, 62). As cells migrate away from Wnt influence, they 
become receptive to ACTH, which enforces differentiation 
into a steroid-producing cell of the zona fasciculata (62). 
Dosage-sensitive sex reversal, adrenal hypoplasia critical re
gion, on chromosome X, gene 1 (DAX1) is a repressor of 
SF-1–mediated transcription maintaining a lack of steroido
genesis in SF1 + adrenocortical progenitors (63, 64). Hence, 
the SHH pathway is important in cell differentiation and the 
Wnt4 pathway is key to adrenal cell proliferation in the 
zona glomerulosa with SF-1 acting to initiate steroidogenesis, 
requiring the cyclic adenosine monophosphate (cAMP) path
way. Adrenal cell specialization occurs through lineage con
version of cells with activation of the CYP11B2 gene leading 
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Figure 1. Proposed cell transplant and gene therapy approaches. Adrenocortical cellular replacement could occur in the form of A, induced pluripotent 
stem cells harvested from bone marrow, or B, cells such as fibroblasts that are forced to undergo lineage conversion. Both of these cell populations 
could be used to generate adrenocortical cells including SF1+/SHH + adrenal progenitor cells before implantation in either an artificial niche, or directly 
into the extracellular matrix of the adrenal cortex. C, Cadaveric allografts or D, xenotransplants are potential sources of primary adrenocortical cells. 
Immune suppression may be required for allografts and xenografts or for suppression of autoimmunity. E, Gene therapy using gene addition has been 
attempted whereby differentiated steroid producing cells were transduced with recombinant adeno-associated virus (rAAV). However, this tactic is 
limited by cellular turnover. F, For gene therapy to be durable, the adrenocortical progenitor or stem cells must be targeted with gene editing technology 
whereby the new genetic material is stably integrated into the host cell genome to allow the therapy to be passed on to daughter cells. Cells destined 
for transplantation may also be treated with gene editing before transplant, if necessary for example in other monogenic adrenal insufficiencies. 
Created with BioRender.com.
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to aldosterone secretion and, with further centripetal migra
tion, expression of CYP11B1 and glucocorticoid secretion 
(62). Subsequent activation of CYP17A1 is required for 
zona reticularis function.

ACTH sustains the adrenal cortex via the cell surface re
ceptor ACTH receptor, melanocortin 2 receptor (MC2R), 
which requires the melanocortin receptor accessory protein 
(MRAP) for action (65). While ACTH acts on both zona glo
merulosa and zona fasciculata cells, maintenance of the zona 
fasciculata cell-type and stimulation of glucocorticoid steroi
dogenesis is paramount (62). ACTH increases cytoplasmic 
cAMP production and hence protein kinase A activity, a pro
cess regulated by its regulatory subunits (PRKAR1A, 
PRKAR1B, PRKAR2A, PRKAR2B) and phosphodiesterases 
in steroidogenesis. ACTH stimulates the growth of the ad
renal cortex through cellular proliferation in stress and dis
ease, as well as the growth of vascular endothelial cells 
in the adrenal cortex (66-68). Angiotensin II sustains and 
regulates the zona glomerulosa, stimulating aldosterone 
production by zona glomerulosa cells as part of the 
renin-angiotensin-aldosterone system (50, 69). The extracel
lular matrix is also thought to modulate the cellular response 
to ACTH, angiotensin II, and growth factors (50).

Adrenocortical regeneration is sexually dimorphic with 
male mice regenerating from SHH+/SF-1 + progenitor cells 
in the zona glomerulosa and females additionally from GLI 
+ capsular stem cells (56). The speed of tissue renewal also de
pends on sex: The adrenal cortex turns over every 3 months in 
female mice and every 9 months in males (56). Capsular stem 

cell recruitment and proliferation is suppressed by androgens, 
leading to a 3-fold higher tissue turnover in females (56). 
Adrenal sex differences in postpubertal rats are also depend
ent on liver-produced plasma corticosteroid-binding globulin 
(70). The relevance of these sex-dependent findings in mice is 
uncertain in humans: Adrenocortical volume is greater in fe
male mice but less in women as compared to men when meas
ured at autopsy, but centripetal cell migration is present in 
humans (62, 71). Whether human adrenal cortices undergo 
the same rapid cellular turnover of other species or whether 
the adrenal is more stable with slow turnover is not known. 
An effect of androgens on adrenocortical cell turnover has 
not been demonstrated in humans; however, speculatively, ad
renal androgen excess in CAH may reduce cell turnover and 
exacerbate glucocorticoid and mineralocorticoid deficiency. 
ACTH stimulation of humans with PAI has shown greater re
sidual secretory function among men (35, 72).

Stem and progenitor cells are generally imbedded in a speci
alized environment of extracellular matrix (ECM) with cell lo
calization and growth factors known as a niche; the precise 
composition of the adrenocortical cell niche is not established 
(50). Adrenal cell cultures in vitro indicate that specific compo
nents of the ECM affect cellular responses to ACTH and 
growth factors (50). The provision of adrenocortical stem 
and/or progenitor cells and an appropriate niche is likely to 
be of critical importance in adrenal replacement therapies. 
Incorporation of progenitor cells in primary cell isolates for 
transplantation would ensure graft longevity, facilitating a self- 
sustaining transplant cell population as mature functioning 
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Figure 2. The subcapsular adrenal cortex contains stem cells expressing GLI1, which respond to paracrine signals of the hedgehog pathway, crucial in 
adrenal differentiation. WT1-expressing cells produce WT1 to initiate SF1 expression to initiate the adrenal cell steroidogenic pathway, requiring 
activation of the cyclic AMP (cAMP) pathway stimulated by circulating pituitary ACTH for effective steroidogenesis and negatively regulate the 
Wnt-β-catenin pathway. High Wnt pathway activity keeps adrenal cells in a zG state, reducing Wnt activity has a mitogenic effect. The MC2R (ACTH) 
receptor is expressed following SF-1 action as are steroidogenic genes; ACTH stimulates expression of most adrenal transcription factors and acts 
through the cAMP/protein kinase A (PKA) pathway. The 3 adrenal layers differentially express steroidogenic pathways to produce a predominance of 
aldosterone (zG, CYP11B2+), cortisol (zF, CYP11B1+), and adrenal androgens, DHEA, and androstenedione (zR, CYP17A1+). Adrenal cells migrate 
centripetally to reach an apoptotic state at the corticomedullary junction.  
Abbreviations: ACTH, adrenocorticotropin; DHEA, dehydroepiandrostenedione; GLI1, glioma-associated oncogene homolog; SF1, steroidogenic factor 
1; WT1, Wilms tumor 1; zF, zona fasciculata; zG, zona glomerulosa; zR, zona reticularis. Created with BioRender.com.
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cells reach senescence and apoptose. In addition, for genomic 
therapy to be durable, the adrenal stem or progenitor cells 
must be targeted as immune responses preclude repeated doses 
of vector-based therapies. Residual adrenocortical function has 
also been identified in a significant minority of individuals with 
autoimmune AD (73-76) and it may be hypothesized that there 
is persistence of adrenocortical progenitor and or stem cells to 
explain this finding. Exploration of therapeutics to promote 
proliferation and differentiation of these cells, while protecting 
them from autoimmune-mediated destruction to regenerate the 
native adrenal, remains an area for further investigation (36). 
Complete isolation and characterization of adrenocortical 
stem and progenitor cells has not been achieved and remains 
an important priority.

Adrenal Cell Transplantation
Requirements for Adrenal Cell Transplantation
Successful adrenal cell transplantation (ACT) has several 
prerequisites: 

• Cortisol secretion from transplanted cells in response to 
ACTH under basal, circadian, and ultradian and physio
logical stress conditions.

• Aldosterone secretion in accord with the major physio
logical drivers, especially angiotensin II and potassium.

• Transplant site with provision of cell requirements and 
ideally protection of transplanted cells from immune at
tack, both rejection in the case of allogenic cells and 
from autoimmunity in AD.

• Provision of adrenocortical progenitor cells for long-term 
maintenance of functional adrenal tissue after senescence 
of transplanted differentiated cells.

Procuring Adrenal Cells for Transplantation
Potential sources of cells to replace adrenocortical cell function 
by transplantation include cadaveric human donors, either as 
allogenic whole-gland transplants or primary cellular isolates, 
xenografts from animal donors, adrenal-like steroidogenic cells 
produced from stem cells, or by altering adult cells through re
programming or lineage conversion (see Fig. 1A-1D). Use of 
mature adrenal organs or cells offers the benefit of immediate 
function. Whole-gland as compared to cell transplantation is 
limited by the technical challenges of primary revascularization 
(77) and likely increased immunologic load due to incorpor
ation of multiple cell types (78), although it retains the benefit 
of a natural cell environment and incorporation of progenitor 
cells within the niche. As demonstrated with islet cell trans
plantation, the intact adrenal structure may not be necessary 
to restore hormonal function. ACT has the additional benefits 
of being less invasive and may facilitate the use of immune- 
isolating devices to prevent immune-mediated cellular destruc
tion (79). A central problem is that transplanted cells may 
already be or ultimately become terminally differentiated. 
Since adrenal cell turnover is likely to be as high within the 
transplant as in the native gland (56), the durability of adrenal 
cell function may be limited without the presence of adreno
cortical progenitor cells. Ensuring primary adrenocortical cell 
isolates include progenitors is of critical importance, though 
in the absence of well-defined markers for identification (50), 
there are currently no existing mechanisms to objectively evalu
ate this. Adrenocortical cell isolation processes for the purpose 

of clinical transplantation also requires further optimization, 
including determining the role of additional constituents such 
as cotransplanted nonsteroidogenic cells or ECM components, 
and maximizing cellular yield to achieve a cell mass capable of 
delivering clinically significant hormonal production.

Availability of allogenic human donor organs is a major 
limitation in transplantation; xenografts have the benefit of 
reliable supply, though are more immunogenic and thus carry 
a considerably higher risk of immunologic rejection. Risk of 
xenozoonosis also exists (80). Fetal organ and cell transplants 
have long been considered desirable because of the perceived 
lower immunogenicity, due to reduced major histocompatibil
ity complex (MHC) class I and II antigen expression, though 
experimental data specific to transplantation of fetal adrenal 
cells do not necessarily support this theory (81). In experimen
tal pancreatic islet xenotransplantation, the use of neonatal is
let clusters as a cellular source has been studied by several 
groups (82-85). While these sources are efficacious in preclin
ical models, they have the disadvantage of requiring in vivo 
maturation before full function (82, 86). Experience with 
transplantation of fetal adrenocortical cells is limited, though 
a similar delay to function seems apparent; xenotransplant
ation of human fetal ACT resulted in negligible cortisol and 
aldosterone secretion after 20 days compared with mature 
adrenocytes (87). Comparison of fetal and mature grafts has 
not been evaluated head to head over a longer period of obser
vation, though in comparable animal models, corticosterone 
levels reached only 70% of normal controls at 6 months 
with murine fetal grafts (88) and were restored to near normal 
levels within 4 to 5 weeks with adult murine ACT (89, 90).

Cellular reprogramming is the transformation of differenti
ated cells into a mature cell of a different type. This may 
involve de-differentiation: initial studies involved the produc
tion of induced pluripotent stem cells (iPSCs) from mature 
murine cells (91). Alternatively, lineage conversion from dif
ferentiated cells to another cell type using forced gene expres
sion does not require dedifferentiation to stem cells and may 
reduce mutation frequencies (92). Adrenal-like steroidogenic 
cells have been produced from embryonic stem cells, iPSCs 
from skin fibroblasts (93), mouse bone marrow cells (94), 
mouse adipose mesenchymal cells (95, 96), human bone mar
row mesenchymal stem cells (MSCs) (97), urine-derived stem 
cells (98), umbilical cord blood (UCB-MSCs), and Wharton 
jelly–derived MSCs (UC-MSCs) (99).

Generating steroidogenic cells from autologous sources 
may expand the applicability of cell transplantation therapy 
by obviating allograft rejection. Induced steroidogenesis 
nonetheless risks incomplete reproduction of the adrenal cell 
steroid secretory repertoire or production of a steroid output 
comparable to gonadal or trophoblast cells. The molecular 
signals critical for directing cell differentiation toward an 
adrenal-like as compared to gonadal-like steroidogenic cell 
are incompletely defined. Over expression of SF-1, desert 
hedgehog, human choriogonadotropin, and cAMP is required 
for production both of adrenocortical-like steroidogenic cells 
and Leydig-like cells in culture of human iPSC-derived early 
mesenchymal progenitors, though inclusion of type 1 collagen 
is essential for the latter (100). Ensuring appropriate respon
siveness to physiologic stimuli controlling steroidogenesis, in
cluding ACTH, is also critical for the success of transplanted 
induced steroidogenic cells (96). The longevity of generated 
steroidogenic cells in vivo also remains uncertain, with only 
short-term experimental data to 30 days reported to date (96).
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Outcomes of Reported Adrenal Cell Transplantation 
Experiments
There are a small number of case reports of successful adult 
human adrenal allotransplants for primary adrenal insuffi
ciency, facilitated by en bloc engraftment with the kidney 
(101, 102), or intramuscular implantation of piecemeal tissue 
(103); cotransplantation of another solid organ and standard 
immunosuppressive therapy occurred in all cases. Restoration 
of adrenal function was successfully reported by demonstra
tion of normalization of basal cortisol and aldosterone levels, 
the absence of requirement of mineralocorticoid and/or gluco
corticoid supplementation, or a cortisol response to synthetic 
ACTH, with or without the continuation of immunosuppres
sive glucocorticoid. A series of human fetal adrenal allografts 
with primary anastomosis has also reported normalization of 
serum cortisol and urine 17-hydroxycorticosterone and 
17-ketosteroid levels and cessation of glucocorticoid support 
in 9 of 13 individuals at follow-up between 3 and 21 months’ 
duration (104). Immunosuppression with either cyclosporine 
A or azathioprine was administered to all patients in this 
series.

Experience with ACT for primary adrenal insufficiency is, 
at present, predominantly preclinical, and centered on murine 
studies; immunodeficient or syngeneic recipients have been 
widely employed in these models to obviate rejection.

Transplant success has been evidenced by on one or more of 
production of corticosterone (murine donor) (89, 90, 105) or 
cortisol (bovine or human donor) (79, 87, 106-109), adrenal 
responsiveness to exogenous ACTH (79), or confirmation of 
adrenal-specific gene expression more than 8 weeks after 
ACT (110). Circulating aldosterone, where measured, was in
consistently present (107, 108). Experience with transplant
ation of induced steroidogenic cells in an adrenalectomized 
model is limited to a single published study. Systemic gluco
corticoid production by transplanted cells was evident, 
though ACTH responsiveness was absent due to low expres
sion of the ACTH receptor and cells failed to form a tissue 
structure as seen with primary cell transplantation (96). The 
outcomes of the published murine ACT models to date are 
summarized in Table 1.

In addition to biochemical evidence of ACT function, ACT 
in the setting of bilateral adrenalectomy significantly improves 
short-term (3-8 weeks) survival rates in rodents to between 
80% and 100% (68, 79, 87, 89, 105, 106, 108, 109, 113). 
Long-term survival over 300 days with persistent adrenocort
ical hormone production is also described (77, 90). Survival 
following ACT in adrenalectomized models is enhanced by 
early glucocorticoid support post adrenalectomy (68), a great
er transplanted cellular dose (105), and cotransplantation 
with fibroblast growth factor–producing fibroblast growth 
factor–secreting cells (3T3) cells (68).

Practical Issues for Clinical Translation of Adrenal 
Cell Transplantation
The renal subcapsular site has been the favored approach for 
cell transplantation in murine ACT studies, chosen for its vas
cularity (115). It is possible that this site may provide MSCs 
capable of differentiation, but this has not been explored as 
a factor in ACT success. Free cells, or devices such as polycar
bonate cylinders, collagen sponges, or gels have variously 
been employed for cell delivery (see Table 1), with the latter 
techniques having the benefit of containing the transplanted 

cells. In the native gland, adrenocortical ECM, and its associ
ated proteins collagen IV, laminin, and fibronectin provide 
structural support and regulate cell signaling and cell-to-cell 
interactions, with differences in composition exhibited across 
the adrenocortical zones (50). Whether these components are 
required for cell transplant success has not been determined.

An optimal site for clinical ACT would require good vascu
larization and ideally, access for graft monitoring. Islet cell 
transplantation to the liver via the portal circulation has 
been successful; the site has high vascularity, is exposed to 
dietary nutrients and only a modest number of cells is suffi
cient (116). Encapsulation of cells is appealing as it allows re
duced or no immunosuppression and may allow the use of 
xenogeneic cells (79). However, alginate capsules elicit a 
strong fibrotic foreign-body response with cell necrosis in hu
mans (117). Other mechanical barriers such as Theracyte and 
Beta-air devices may have insufficient space for the cell num
bers required for adrenal cell grafts. Decellularized porcine 
adrenal ECM as an in vitro scaffold improved adrenal cell pro
liferation (118); the capability to produce a 3-dimensional ad
renal tissue structure, and contributions of specific ECM 
components in adrenocortical cell proliferation, differenti
ation, and function may be important for ACT success. 
Advanced 3-dimensional bioprinting of biomaterials acting 
as a scaffold and a vascularized space containing cells grouped 
as organoids are being developed for islet transplants and may 
be ideal for adrenal transplantation (119).

Alternative sites for endocrine cell transplantation have 
been trialed both experimentally and clinically for islet cells 
and may inform ACT. Implanted rods to create a dense vascu
lar network in the subcutaneous tissue for cell transplant has 
been studied by the Edmonton group (120). An alternative ap
proach, using a fully biodegradable temporizing matrix, a 
clinically approved artificial dermal scaffold for the treatment 
of wounds and severe burns, has recently begun a phase 1 
clinical trial for islet cell transplantation (anzctr.org.au 
ACTRN12621001573842). Porous scaffolds made from nov
el biocompatible polymers have also been extensively studied 
in small-animal models and show promise for translation for 
cell therapy to the clinic (121).

In translation to a clinical setting, ACT recipients will re
quire initial glucocorticoid support to avoid adrenal crisis dur
ing engraftment. However, glucocorticoid support will reduce 
circulating ACTH. Graft production of cortisol is reduced in 
animal experiments in which adrenalectomized animals are 
transiently supported with corticosteroids after transplant
ation (106, 108, 109). ACTH promotes the differentiation 
of adrenal progenitors into steroidogenic cells (122) and stim
ulates proliferation of the transplanted adrenal cell mass 
(123). Exogenous ACTH stimulation using long-acting depot 
preparations, as has been used in adrenal cell regeneration 
studies in patients with adrenal insufficiency (34, 35), may 
be required to expedite adrenocortical function of trans
planted cells.

Glucocorticoids are immunomodulatory, inhibiting prolif
eration of antigen-presenting cells, tumor necrosis factor-α se
cretion, and T-cell stimulatory responses—a net result is 
inhibition of local inflammation and fibrosis formation within 
biocompatible polymer scaffolds (124, 125). Glucocorticoid 
production from allogeneic ACTs may reduce immunosup
pressive requirements as compared to other allografts; studies 
suggest that adrenal cells are less prone to rejection than other 
endocrine cells such as those of the adrenal medulla or 
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parathyroid (126, 127). In vitro mixed lymphocyte reactions 
suggest that glucocorticoid production and nonglucocorti
coid-related effects of adrenal cells may directly limit lympho
cyte activation and proliferation, with results unaffected by 
the coadministration of the glucocorticoid receptor antagonist 
mifepristone (128). Nonetheless, in the absence of intervention, 
adrenocortical allografts undergo acute rejection (78, 111, 112, 
114, 129). A combination of pretransplant adrenal cell culture 
and transient immunosuppression prevents acute allogeneic 
graft rejection (111, 126), although in isolation these measures 
have little effect (111, 129). In the absence of transplantation to 
an immune-privileged site, some degree of immunosuppressive 
treatment would be anticipated to be required for adrenocort
ical allografts or in autoimmune PAI.

The role of immunosuppression is a critical issue for the field 
of allogeneic adrenal transplantation. Like islet cell transplant
ation, adrenal allografts will have to contend both with recur
rent autoimmunity and alloimmunity. The success of the 
Edmonton protocol, which allowed clinical islet transplant
ation to progress from experimental therapy to clinical therapy, 
followed advances in immunosuppression (130). To this end, it 
is likely that adrenal allografts will need therapy that targets 
both the T-cell immunity (via depletion) and blocked produc
tion of both de novo alloantibody as well as adrenal-specific 
autoantibody. Induction therapy with T-cell depletion anti
body such as antithymocyte globulin will be needed (103). 
Newer therapies that target costimulation molecule expression 

such as CTLAg (Belatacept/Abatacept) have the distinct advan
tage of providing effective immunosuppression, but exquisitely 
blocking the ability to form de novo alloantibody. Critical to 
the development of these translational strategies will be robust 
models of adrenal allotransplantation that will allow detailed 
study of both the cellular immune response and critically the al
loantibody response to the grafted tissues.

Genetic Therapies
Gene therapy technology has advanced to a point where po
tential curative treatments are realistic and enticing possibil
ities for monogenic adrenal disorders such as CAH. Gene 
therapy approaches correct, prevent, or alleviate disease by re
placing (gene addition) or repairing (gene editing) genes carry
ing pathogenic variants. Potential gene therapy complications 
include acute toxicity from infusion of foreign material (eg, vi
ral particles), cellular and humoral immune responses against 
the transduced cells and the therapeutic gene product respect
ively, and insertional mutagenesis (131). The major challenge 
for gene therapy is delivery. Ex vivo gene therapy has been ex
plored in tissues that can be genetically manipulated in culture 
and then engrafted into the patient, but this approach has lim
ited application in the adrenal cortex (132). For in vivo gene 
delivery, viral vectors are currently the most capable delivery 
approach: By 2021, 89% of genetic therapeutics in develop
ment used viral vectors, and recombinant adeno-associated 

Cellularr rreplicationn

A Episomaal gene ttheraapyy

B GGenomicc edittingg

HHost ggenome

RRNNAA

CRISPPR/Cas99

AAVAA DDNA

AAVAA DDNA
CCoonccaatteemeer

Prrotein

Celllluullar reeplliicattion aafftter DNA
innteeggrraattedd at de nnedd lloccus

Figure 3. A, Adeno-associated virus (AAV) gene therapy will enter the cell then nucleus, and undergo structural change to become a concatemer. When 
a gene addition strategy is used with rAAV, the transgene will be transcribed into messenger RNA (mRNA) directly from the vector DNA transgene 
without integration into the host genome. If the cell replicates, the episomal DNA will not be passed on to any daughter cells. B, With gene editing, a 
targeted double-stranded break is induced both in the donor cassette and the host genome by Cas9. The donor template is integrated into the host 
genome at a defined locus using cellular DNA repair mechanisms and transcribed into mRNA from the host genome. The transgene will be passed on to 
daughter cells during cell replication. Created with BioRender.com.
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virus (rAAV) was the leading viral vector for gene delivery (133, 
134). Nonviral approaches involving lipid nanoparticle and 
RNA technology are developing rapidly and will increasingly 
complement the power of viral vector–mediated gene transfer.

Vectorology
Vectorology exploits the natural ability of a virus to introduce 
its own genome into a host cell, where the viral genes are re
moved and replaced with therapeutic genetic cargo, eliminating 
the ability for viral replication and infection: Only the ability to 
deliver genetic cargo to cells remains. A crucial advantage of 
rAAV over other vector types is that the rAAV2 genome can 
be cross-packaged into the capsid (protein shell) of numerous 
types of AAV, known as pseudo-serotyping. The capsid sero
type determines the type of cells the vector enters and the effi
ciency with which the genetic material is delivered (efficiency 
of transduction) (135, 136). With appropriate capsid selection, 
parenteral administration of targeted treatment is possible.

A limitation of rAAV-facilitated gene delivery is that the 
vector DNA is predominantly episomal (extrachromosomal) 
and is not reliably integrated into the host cell’s genome. 
Thus, the introduced genetic material is expressed predomin
antly from the episomal vector DNA, which is progressively 
lost in concert with cellular replication, such as during pediat
ric organ growth or in organs with rapid cellular turnover 
such as the adrenal cortex (Fig. 3A) (137, 138). As current im
munomodulatory technology stands, rAAV treatment can 
currently be administered only once as subsequent develop
ment of neutralizing antibodies renders further doses ineffect
ive; preexisting naturally acquired wild-type AAV antibodies 
also preclude treatment (139, 140). Due to these durability 
and readministration limitations, genomic editing is poised 
to supplant gene addition, and rapidly progressing clustered 
regularly interspaced short palindromic repeat-associated nu
clease Cas (CRISPR/Cas)-based technology is leading this field 
(132). The CRISPR/Cas system facilitates RNA-guided 
double-stranded DNA cleavage and evolved as a bacterial 
immune-defense mechanism against viruses (141-143). By us
ing locus-specific RNA guides, this targeted DNA cleavage can 
be used for knockdown or knockout of the function of a se
lected target gene. In genomic editing, this can be exploited 
further by providing a repair template, from which a 
site-specific modification or entire cDNA sequence can be in
tegrated into the host genome through native DNA repair 
mechanisms (144). A modification that is integrated into the 
host genome will be passed on to daughter cells following cel
lular replication (Fig. 3B). Moreover, if appropriate stem or 
progenitor cells are modified in this manner, durable life-long 
correction after a single treatment is possible.

Gene Therapy and the Adrenal Cortex
Gene therapy for CAH is conceptually appealing; however, 
there is a paucity of adrenocortical gene therapy studies 
(Table 2). All studies thus far have used a gene-addition strat
egy, and none has proven durability beyond the adrenocorti
cal cellular turnover period.

Murine studies
The 21-hydroxylase–deficient mouse model (C57BL/ 
10SnSlc-H-2 <AW18>; Cyp21a1−/−) used in preclinical adre
nocortical gene therapy studies, has elevated progesterone lev
els rather than 17-hydroxyprogesterone, due to lack of 

17-hydroxylase expression in the murine adrenal (150, 151). 
The first attempt at gene therapy for CAH was in 1999, 
when an adenovirus vector containing human CYP21A2 
was directly injected into the adrenal glands of Cyp21a1−/− 

mice and resulted in improvement in adrenal morphology 
and increased plasma corticosterone. The effect was brief, 
and corticosterone concentrations declined over 40 days 
(145). Wild-type adenovirus infection and adenoviral- 
mediated gene transfer may interfere with adrenocortical 
function as adenoviral vectors are more proinflammatory 
than rAAV, with vigorous stimulation of the innate immune 
response (152). Furthermore, intra-adrenal injections are in
vasive, with a high mortality rate in the mouse model (153), 
and less-invasive parenteral injection is desirable.

Transduction of adrenocortical cells using a systemic intra
venous injection of human CYP21A2 packaged in an 
AAVrh10 capsid in male and female Cyp21a1−/− mice re
duced urine progesterone for at least 15 weeks, and improved 
the expression of Mc2r, Sf1, Star, Cyp17a1, and Cyp11b2 in 
the adrenal and Ren1 in the kidney (147). Despite very low 
vector genome copies (vgc), a measurement of vector-derived 
DNA in the host tissue, in the mouse adrenals at 15 weeks 
(0.13 ± 0.09 vgc per cell), the therapeutic effect was still pre
sent (147). A subsequent rAAV gene therapy study used fe
male mice alone, which have a more rapid adrenocortical 
cellular turnover than males (56). It was demonstrated that 
the effect from intravenous administration of their 
AAVRh10-CYP21A2 vector on serum progesterone was tran
sient, lasting only 8 weeks (148). Perhaps the durability of ef
fect seen in some studies is due to the use of male animal 
subjects with slower adrenocortical turnover or transduction 
of stable cells outside the adrenal cortex. The use of a ubiqui
tous promoter means that it is plausible the transgene could be 
expressed by any cell that is transduced including in extra- 
adrenal sites, such as liver and muscle, hence it is difficult to 
ascertain if the study results were exclusively due to adrenal 
21-hydroxylase expression.

One way to overcome rapid adrenocortical cellular turn
over is the use of stable extra-adrenal tissue to gain 
21-hydroxylation function (154). Two strategies have been 
tested using Cyp21a1−/− mice: The first strategy was to 
autotransplant primary tail fibroblasts transduced in vitro 
with an AAV2 vector containing murine Cyp21a1 into sub
cutaneous tissue, and the second strategy was to inject 
rAAV2-Cyp21a1 vector directly into thigh muscle. Due to 
small numbers of mice used, neither strategy produced statis
tically significant results; however, in both there was a trend 
toward reduced progesterone levels during the 4-week study 
period, indicating extra-adrenal 21-hydroxylation may be 
possible (146). A single mouse was studied for 7 months, 
and there was a durable effect after intramuscular vector ad
ministration (146). Although the vector was injected intra
muscularly, vector DNA was detected in liver and cardiac 
muscle indicating that the extra-adrenal 21-hydroxylation 
may not have been from the thigh muscles alone. Despite ini
tial indicators of success with ectopic expression, in a later 
study by the same group, they moved away from intramuscu
lar administration. A mouse model for 11-β hydroxylase defi
ciency was created using CRISPR/Cas9 to knock down 
Cyp11b1 function, and these mice were subsequently treated 
with unilateral intra-adrenal injection of an rAAV vector 
containing human CYP11B1 with a ubiquitous promoter 
packaged in either AAV2 or AAV9 (149). Statistically 
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significant reduction in the serum deoxycorticosterone-to- 
corticosterone was achieved using the AAV9 capsid serotype 
from 4 weeks post treatment (n = 4) and persisted up to 5 
months after treatment (n = 1). There was no effect using the 
AAV2 serotype (149). Why AAV9 and AAV2 serotypes were 
chosen is unclear, as the AAVRh10 serotype transduces adre
nocortical cells more efficiently than AAV9 (148). Moreover, 
the applicability to the human clinical context is unclear, as 
an invasive delivery strategy that is undesirable was used des
pite previous studies showing effective delivery of vector to 
the adrenal using intravenous administration (147, 148).

Nonhuman primate studies
While there are no published studies using NHPs for adreno
cortical gene therapy, preliminary data have been presented 

at scientific meetings. To determine the most effective 
rAAV capsid serotype for gene delivery, NHPs were admin
istered CYP21A2 cDNA packaged in AAV1, AAV5, or 
AAV6, and these were given intra-adrenally or intravenously 
(155). CYP21A2 cDNA packaged in capsid serotype AAV5 
resulted in the highest vector presence (determined by vgc) 
in the adrenals from both administration methods, and sub
sequent studies used this capsid serotype. Why these 3 specif
ic serotypes were initially chosen is unclear, as capsid 
technology has evolved so that unique capsid serotypes 
have been developed that can target relatively specific cell 
populations with high tropism and there are now innumer
able capsids available with the rapid expansion of the capsid 
engineering field (156-158). NHPs (21-hydroxylase–suffi
cient) received rAAV5-CYP21A2 with a ubiquitous pro
moter (159). Vector DNA in the adrenal tissue waned over 

Table 2. Published adrenocortical gene therapy studies to date

Year Species Vector and delivery Outcome—phenotype Outcome—molecular

1999 (145) Mouse Adenovirus with human 
CYP21A2 cDNA 

Intra-adrenal

Improvement in adrenal cortex ultrastructure 7 d after 
treatment. 

Plasma corticosterone increased to wild-type levels by d 
7-14, but declining over next 40 d

Highest mRNA expression d 2-7 then 
gradual decline 

In vitro 21-hydroxylase activity in 
adrenals harvested from treated 
mice increased from undetectable to 
levels found in wild-type mice 2-7 d 
after treatment

2016 (146) Mouse Retrovirus with murine 
Cyp21a1 cDNA 

Tail fibroblasts 
transduced in vitro 
then implanted 
subcutaneously

Statistically insignificant reduction of serum 
progesterone/deoxycorticosterone ratio at 4 wk in 4/ 
6 mice (increase in 2/6) 4 wk after treatment

2016 (146) Mouse AAV2 with murine 
Cyp21a1 cDNA 
intramuscular

Statistically insignificant reduction in serum 
progesterone/deoxycorticosterone ratio 4 wk after 
treatment 

Single mouse monitored to 7 mo; serum progesterone/ 
deoxycorticosterone remained low

Cyp21a1 weak expression in thigh 
muscle, heart, and liver

2017 (147) Mouse AAVrh10 with human 
CYP21A2 cDNA 

Intravenous

Increased body mass after treatment. Reduced urine 
progesterone by 5 wk, for at least 15 wk

CYP21A2 expression detected in 
adrenals and weakly in heart 

Improved expression of renin, Mc2r, 
Prkar2a, Sf1, Star, Cyp17a1, and 
Cyp11b2 genes

2018 (148) Mouse AAVrh10 with human 
CYP21A2 cDNA 

Intravenous

Serum progesterone and ACTH normalized to 
wild-type levels from 2 to 8 wk, then increased to 
preinjection levels by 32 wk

CYP21A2 expression was highest at 2 
wk then waned over time to 32 wks 

Liver had substantial CYP21A2 
expression at 32 wk 

CYP21A2 expression also waned over 
similar time period in 
immunodeficient mice, indicating 
loss of transgene not due to immune 
responses to vector/transgene

2022 (149) Mouse AAV9 with human 
CYP11B1 cDNA 

Intra-adrenal

Statistically significant improvement but not 
normalization in serum 
deoxycorticosterone-to-corticosterone ratio, 4 wk 
after treatment. Two mice were monitored to 4 and 5 
mo post treatment with persistence of effect, 
although ratio started to increase again from 2 mo 
post treatment

Cyp11a1 expression in adrenal 
increased in vector-treated Cyp11b1 
knockout mice compared to 
wild-type. Even with vector 
treatment, Cyp11b1 expression in 
adrenal markedly lower than 
wild-type

Studies published 1999 to 2018 used the same 21-hydroxylase deficient mouse model C57BL/10SnSlc-H-2aw18, which develops elevated progesterone rather 
than 17-hydroxyprogesterone (17OHP) as the murine adrenal lacks Cyp17a1 expression (151). The 2022 study created a mouse model for 11-β hydroxylase 
deficiency by knocking down Cyp11b1 function using CRISPR/Cas9, which developed elevated deoxycorticosterone (149). The 21-hydroxylase gene is 
represented as CYP21A2 for human origin, Cyp21a1 for murine. The 11-β hydroxylase gene is represented as CYP11B1 for human and Cyp11b1 for murine. 
Abbreviations: AAV, adeno-associated virus; ACTH, adrenocorticotropin; cDNA, complementary DNA; mRNA, messenger RNA.
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time. Two animals were studied to 24 weeks, 1 male and 1 
female. While the sex of these animals was not specified, 
1 had a low vector copy count at 24 weeks (3 vgc/cell) and 
1 had a relatively higher count (13 vgc/cell). There was 
more vector DNA and higher transgene expression in the liv
er than the adrenal, which is expected when using rAAV5 
with a ubiquitous promoter, as most AAV serotypes target 
hepatocytes. The adult liver is a relatively stable organ and 
episomal gene therapy will persist, unlike the growing pedi
atric liver (138, 160, 161).

Human clinical trial activity
A phase 1/2 human clinical trial is now under way in which 
adults with 21-hydroxylase deficiency are administered an 
intravenous infusion of a rAAV5-CYP21A2 with a ubiquitous 
promoter (NCT04783181). The first human was treated in 
early 2022. Results of this study are not yet available. While 
it is expected that this rAAV therapy will have some effect, 
the duration of effect is uncertain, and there is some hesitancy 
regarding the potential prematurity of this trial (162). If a dur
able effect is seen, it could be related to extra-adrenal trans
duction and expression of 21-hydroxylase, and it will be 
difficult to ascertain the source of 21-hydroxylation in human 
participants.

Limitations of episomal gene therapy and the adrenal cortex
Thus far, no adrenocortical targeting gene therapy has shown 
durability of effect beyond the cellular turnover period. 
Episomal gene therapy used in the adrenal cortex will be 
transient because of the adrenocortical cellular turnover as 
the vector DNA will not replicate during cell division. 
Furthermore, differentiated adrenocortical cells apoptose 
without significant cellular replication and thus even if the 
CYP21A2 locus were directly repaired in differentiated cells, 
this would provide a only transient effect. To overcome this, 
the genome of the adrenal progenitor cells must be repaired 
to ensure daughter cells maintain the correction. CRISPR/ 
Cas is one technological platform that could achieve this 
(143, 163). There are several editing techniques with various 
applications including homology-directed repair (164), 
homology-independent targeted integration (HITI) (165), sin
gle homology arm donor-mediated intro-targeting integration 
(166), precise integration into target chromosome (167, 168), 
and non-CRISPR–based strategies including base editing 
(169) and prime editing (170). The major limitation is that 
the progenitor cells have not yet been adequately defined 
and without accurate methods to identify these cell popula
tions, it is difficult to establish which rAAV serotypes (if 
any) can deliver editing machinery to adrenal progenitor cells 
with any certainty.

The 21-hydroxylase pseudogene (CYP21A1P in the human 
and Cyp21a2-ps in the mouse) creates an added complication 
due to high homology with the active gene, with 98% exonic 
and 96% intronic homology (171). As a result, the target pro
tospacer adjacent motif sequence chosen as the cut site in a 
CRISPR/Cas strategy must not also cause a double-stranded 
break in the pseudogene. As the CYP21A2 gene at 6p21.3 
is within 30Kb of CYP21A1P (21), a cut in both sites could 
induce a large deletion and/or genomic rearrangements. 
Therefore, potential protospacer adjacent motif sites are lim
ited to those that are unique to CYP21A2. There are more 
than 300 known variants in CYP21A2 listed in the Human 

Gene Mutation Database (HGMD, http://www.hgmd.cf.ac. 
uk) spanning all 10 exons. Therefore, the editing strategy 
chosen is important: Homology-directed repair is limited to 
actively dividing cells, has relatively low editing efficiency, 
and requires a unique set of reagents for each group of variants 
(164, 172). Furthermore, not all double-stranded breaks in
duced will undergo repair and risks eliminating any residual 
function of a hypomorphic allele if the strand break is exonic. 
These limitations can be overcome by using the HITI strategy, 
which is dependent on DNA repair by NHEJ (165). The 
CYP21A2 open-reading frame is approximately 1.5 kb 
(173), compatible with packaging into the rAAV genome 
backbone, which has a capacity of 4.7 kb. With HITI, a strat
egy could be developed whereby a double-stranded DNA 
break is induced deep in a noncoding sequence such as an in
tron and the entire wild-type CYP21A2 open-reading frame is 
integrated downstream of the endogenous CYP21A2 pro
moter, treating all pathogenic variants that occur distal to 
the insertion site. Alternatively, mutations upstream of the in
sertion site could also be treated by introducing termination of 
the upstream cistron and expressing the entire wild-type 
CYP21A2 cDNA, for example, from a downstream cistron 
using an internal ribosome entry site.

Although the adrenal cortex shares properties such as 
high relative blood flow and fenestrated vascular endothe
lium with the liver that make it highly amenable to gene de
livery (174-176), the predilection of rAAV to transduce 
hepatocytes is a challenge in adrenal-targeting gene ther
apy. Without liver detargeting, much higher doses of vector 
may be required to ensure adequate amounts reach the ad
renal cortex. This entails a greater risk of AAV-associated 
adverse events such as liver toxicity (177, 178), thrombotic 
microangiopathy (179), and dorsal root ganglion toxicity 
(180).

Conclusion
Adrenocortical cell or gene therapies are clinically appealing 
for treatment of PAI as they offer the promise of restoration 
of homeostatic cortisol secretion, overcoming the residual 
morbidity and mortality of current treatment. Current tech
nologies make cell therapy possible but require refinement 
such as cell isolation for allogeneic transplant, cell produc
tion from adult cells using reprogramming or lineage conver
sion to allow a suitable adrenal-like steroidogenesis profile, 
correction of genomic deficits, and use of devices to provide 
a suitable environment for cell growth and function. The iso
lation and transplantation of adrenocortical cell stem cells 
needs further work to ensure transplant durability. While 
simple gene addition therapy is possible, this will result in 
only a transient effect. Gene therapy as a treatment option 
is limited by the necessity to delivery editing reagents to the 
adrenal progenitor cells, and the tools for targeting these 
cells also require further technological development and re
finement. The current rate of knowledge of adrenal regener
ation and trial development in this field suggests that cellular 
and genetic adrenocortical therapies will come to fruition in 
a reasonable time frame.
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The clinical outcome for children and adolescents with homozygous familial hypercholesterolaemia
(HoFH) can be devastating, and treatment options are limited in the presence of a null variant. In HoFH,
atherosclerotic risk accumulates from birth. Gene therapy is an appealing treatment option as restoration of
low-density lipoprotein receptor (LDLR) gene function could provide a cure for HoFH. A clinical trial using
a recombinant adeno-associated vector (rAAV) to deliver LDLR DNA to adult patients with HoFH was
recently completed; results have not yet been reported. However, this treatment strategy may face chal-
lenges when translating to the paediatric population. The paediatric liver undergoes substantial growth
which is significant as rAAV vector DNA persists primarily as episomes (extra-chromosomal DNA) and are
not replicated during cell division. Therefore, rAAV-based gene addition treatment administered in
childhood would likely only have a transient effect. With over 2,000 unique variants in LDLR, a goal of
genomic editing-based therapy development would be to treat most (if not all) mutations with a single set
of reagents. For a robust, durable effect, LDLR must be repaired in the genome of hepatocytes, which could
be achieved using genomic editing technology such as clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9 and a DNA repair strategy such as homology-independent targeted integration.
This review discusses this issue in the context of the paediatric patient group with severe compound
heterozygous or homozygous null variants which are associated with aggressive early-onset atherosclerosis
and myocardial infarction, together with the important pre-clinical studies that use genomic editing stra-
tegies to treat HoFH in place of apheresis and liver transplantation.

Keywords Homozygous familial hypercholesterolaemia � Gene therapy � Genomic editing

Introduction
Familial hypercholesterolaemia (FH) is an autosomal domi-
nant condition with a heterozygous prevalence estimated at
1:250 [1,2]. Homozygous or compound heterozygous states

also exist, and the cardiovascular consequences in children
and adolescents with homozygous familial hyper-
cholesterolaemia (HoFH) resulting from biallelic null vari-
ants can be devastating. With limited treatment options,
children often present with advanced coronary artery disease
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and myocardial ischaemia or stroke before the age of 20
years [3]. HoFH prevalence is estimated between
1:160,000–1:300,000 [4,5]. Over 2,190 unique variants in the
LDLR gene have been reported as of 1 November 2022,
spanning all 18 exons, with around 80% considered patho-
genic or likely pathogenic [6,7]. FH is associated with
marked elevation in low density lipoprotein (LDL) due to
impaired hepatic clearance of LDLs from the circulation.
Normally, the LDL receptor (LDLR) binds to LDL, removing
it from circulation and delivering it to lysosomes, where it
undergoes degradation (Figure 1) [3]. Over 90% of patients
with FH have pathogenic variants in the LDLR gene, but FH
may also be caused by variants in APOB and PCSK9 or
combinations of changes in multiple genes with small effect
changes resulting in polygenic FH. When LDLR function is
reduced, the removal of LDL from plasma is reduced and the
plasma LDL level increases. LDLR mutations are divided
into classes based on the effect on LDL metabolism. Class 1
mutations are considered null alleles and there is no residual
LDLR protein produced. Class 2 mutations affect intracel-
lular transport; Class 3 mutations affect the binding of LDL
with the receptor; Class 4 mutations result in an inability to
internalise bound LDL; and, Class 5 mutations are unable to
release LDL from the endosome and cannot recycle the
LDLR back to the surface for further use [3]. Proprotein
convertase subtilisin/kexin type 9 (PCSK9) enhances LDLR
degradation along with the LDL molecule and LDLR recy-
cling is increased with loss of PCSK9 function [8]. APOB
encodes for apolipoprotein B (ApoB) which forms a struc-
tural component of very low-density lipoproteins (VLDL)
and chylomicrons [9]. Gene therapy promises to be an
appealing treatment option in homozygous familial hyper-
cholesterolaemia with restoration of normal cholesterol
pathways and potential reversal of cardiovascular disease.

Cardiovascular Outcomes
The cardiovascular risk associated with FH is present from
birth and is related to the cumulative burden of LDL expo-
sure [4,10]. LDL levels are much higher in HoFH than het-
erozygous FH. In FH, coronary artery disease is accelerated
with premature atherosclerosis: onset is 15–20 years earlier
than the general population in people with heterozygous FH,
and 30–40 years earlier in HoFH [4]. The natural history of
HoFH is devastating, with the mean first cardiac event
occurring at 12.8 years of age, and the mean age of death
being 18.4 years [11].

Standard Therapeutic Options
In the paediatric population, statin therapy is recommended
to commence from 8–10 years of age for severe heterozygous
FH [12,13]; however, in children with HoFH, statin therapy is
used from diagnosis [5,11] ideally commenced prior to 2
years of age [13,14]. Statins work by upregulating the LDLR
and therefore require residual LDLR function and thus may
have a reduced or limited effect in those with biallelic null

mutations. On average, statins may only reduce LDL by 32%
[12] and in children with HoFH their LDL could be as high as
20–30 mmol/L [15] and thus even a 30% reduction results in
the LDL remaining significantly elevated, well above thera-
peutic targets. Other treatment options include plasmaphe-
resis, which can be effective in children with severe HoFH
[16]; however, this may be associated with significant
morbidity from vascular access and burdens related to hos-
pital attendance. Liver transplant may be required; however,
will not reverse atherosclerosis that has already developed,
can be associated with significant lifelong morbidity and will
have associated peri- and post-transplantation risks [16].
Accessing organ transplant for children prior to the onset of
atherosclerosis is also challenging, as it involves trans-
plantation into an essentially “healthy” child.

New and Emerging Therapeutic Options
PCSK9 inhibitors such as evolocumab can work for some
genotypes but will have minimal effect with biallelic null
LDLR variants as residual LDLR function is required [17,18].
Angiopoietin-like 3 (ANGPTL3) is an inhibitor of lipoprotein
lipase and plays a role in increasing lipid levels and is
required for VLDL production. Evinacumab is a monoclonal
antibody that blocks the ANGPTL3 protein, thereby
reducing VLDL, independently of LDLR [19]. This treatment
has been shown to reduce LDL levels by almost 50% in
adults, independent of LDL receptor function [19] and is
currently undergoing clinical trial for paediatric HoFH
(ClinicalTrials.gov Identifier: NCT04233918). In children
aged 5–11, LDL was reduced by 48% on average at 24 weeks
post-evinacumab treatment [20]. However, evinacumab also
reduces high density lipoprotein levels (HDL), which is
disadvantageous [19].
Small interfering RNA (siRNA) are used to silence genes

by specifically binding with mRNA causing degradation,
limiting protein translation. Inclisiran is a siRNA which
interferes with the translation of PCSK9 protein from
mRNA. It has an advantage over PCSK9 antibodies as
treatment is only required every 3–6 months, compared
with every few weeks [21]. It has been used in adults with
hypercholesterolaemia due to various aetiologies with good
effect, lowering the LDL by 52% [22]. It has recently been
approved for use in adults with heterozygous FH by the
Australian Therapeutic Goods Administration and the US
Food and Drug Administration. A pilot study administered
inclisiran to four adult patients with HoFH and there was a
lipid lowering effect in three of the four [23]. The patient in
which LDL reduction was not observed had a history of
poor response to PCSK9 antibody therapies. Following this
pilot, a trial in adults with HoFH was recently completed
but not yet reported (ClinicalTrials.gov Identifier:
NCT03851705). A further trial in adolescents aged 12–17
years with HoFH is underway (ClinicalTrials.gov Identifier:
NCT04659863). While this treatment shows promise, inter-
fering with PCSK9 function to treat hypercholesterolaemia
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requires residual LDLR function to be effective; therefore
patients with null variants in LDLR are unlikely to respond
to this treatment and have been excluded from this clinical
trial. Clinical trials using a siRNA targeting ANGPTL3 are
also underway and preliminary data show effectiveness in
reducing LDL in patients with heterozygous FH [24]
(ClinicalTrials.gov Identifiers: NCT03747224, NCT05217667
and NCT04832971).

Early Detection
Treatment for HoFH should commence as soon as possible
and routine screening during late infancy/early childhood
has been proposed [25,26]. In these studies, toddlers were
screened for FH at routine medical visits for immunisations
by measuring lipid profiles on heel prick samples, and sub-
sequently genetic testing was undertaken if appropriate.
Families were screened following the diagnosis of FH in a
child and a new diagnosis of FH was detected for every
56–125 children screened, with on average four family
members being diagnosed by reverse cascade screening for

each proband [25,26]. With advances in next-generation
sequencing, newborn screening may also be feasible, and a
pilot study in Queensland, Australia detected 15 cases of FH
among 2,552 screened newborns (Glenn Bennett, Founder
and Chief Medical Officer, Genepath Laboratories, personal
communication, 29th June 2022). Pre-conception screening is
also possible as part of commercially available comprehen-
sive carrier screening, and may result in diagnoses of FH for
prospective parents. The Australian Reproductive Carrier
Screening Project (Mackenzie’s Mission) aims to screen
partners for risk of autosomal recessive and X-linked con-
ditions to allow informed pre-conception planning and
LDLR is included in the panel [27].

Despite the imminent opportunity for early detection,
current medical therapy is inadequate for many paediatric
patients with HoFH, particularly those that carry null mu-
tations. Gene therapy is an enticing treatment option as it
may offer cure with a single treatment, however it must be
considered in the context of paediatric organ growth. With
future progress in the gene therapy field, ideally patients will

Figure 1 Gene therapy targets in the cholesterol pathway.
Cholesterol is either synthesised from acetyl CoA or absorbed from the diet. Statins work by inhibiting the conversion of
acetyl CoA to cholesterol. ApoB is formed by the intestine (ApoB 48) or the liver (ApoB 100) and is required for the for-
mation of chylomicrons and very low-density lipoproteins (VLDL). VLDL are subsequently converted to low-density li-
poproteins (LDL) which circulate in the blood stream. LDL is removed from the blood by binding with LDL receptors
(LDLR), which are then endocytosed and degraded. In the presence of PCSK9, LDLR degradation is enhanced and, in its
absence, the LDLR is recycled back to the hepatocyte surface which results in more removal of LDL from the blood stream.
Gene therapy may target the LDLR production by replacing or editing the defective LDLR gene. Another strategy is to
introduce loss-of-function mutations into the PCSK9. Introducing loss-of-function mutations in ANGPTL3 will allow lipo-
protein lipase to breakdown fats, reducing VLDL in dependently of the LDLR. Created with BioRender.com
Abbreviations: ApoB, apolipoprotein B; LDLR, low-density lipoprotein receptor; LDL, low-density lipoprotein; PCSK9,
Proprotein convertase subtilisin/kexin type 9; ANGPTL3, angiopoietin-like 3.
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be identified at newborn screening, prior to the development
of any atherosclerotic sequelae and be treated with a single
therapy with robust, lifelong efficacy.

Gene Therapy
Gene therapy techniques have reached an inflection point in
technological advancement whereby potentially curative
treatments are within realistic reach and are an appealing
option for monogenic liver disorders [29] such as HoFH.
Gene therapy approaches correct, prevent, or alleviate dis-
ease by replacing (gene addition) or repairing (genomic
editing) genes carrying pathogenic variants in the human
genome. By early 2022, there were 1,986 gene therapies in
development [30]. The major challenge for gene therapy is
delivery. Ex vivo gene therapy has been explored in tissues
that can be cultured and then engrafted into the patient, but
this technique has limited application [31]. For in vivo gene
delivery, viral vectors appear to be the most immediately
promising delivery approach. Vectorology exploits the nat-
ural ability of a virus to introduce its own genome into a host
cell. There has been a decline in the use of retroviral and
adenovirus vectors in favour of recombinant adeno-
associated viral (rAAV) and lentiviral vector-based therapy
[32]. Viral vectors were used in 89% of gene therapies in
development, and of these, rAAV was the leading vector
used for in vivo gene delivery [33]. Adeno-associated virus
(AAV) is a small dependent parvovirus [34] that has not been
proven to cause disease in humans and in non-dividing cells
is a stable vector for gene transfer in vivo [35,36]. Risk of
adverse events increases with very high doses of rAAV,
which are often utilised when targeting organs outside of the
liver, and in 2020, four children who received some of the
highest human doses of rAAV as part of a trial for treatment
of X-linked myotubular myopathy passed away after
developing severe hepatobiliary disease as a result of the
rAAV treatment [37,38]. Adverse events that have been
associated with rAAV therapy include liver toxicity [39,40],
thrombotic microangiopathy [41] and dorsal root ganglion
toxicity [38]. In addition to risk/benefit and safety consid-
erations, other ethical aspects such as goals of treatment and
ensuring equitable access to therapies must be considered in
the development and delivery of genetic therapies [42].
Recombinant AAV vectors have had most of their native

genetic sequence removed, leaving only inverted terminal
repeats (ITRs) which contain the cis-acting elements critical
for rescue and replication from proviral plasmids and
packaging of the recombinant genomic during vector pro-
duction [32,43,44]. Instead, the therapeutic cassette which,
depending on the specific application, commonly includes
the gene of interest and various regulatory genes such as
promoter-enhancers and polyadenylation signals may be
cloned in its place. By removing the wild-type genome, the
packaging capacity is maximised, and reduces the immu-
nogenicity and cytotoxicity [32]. A critical advantage of AAV
is that the recombinant AAV2 genome can be cross-packaged

into the protein coat (capsid) of multiple types of AAV,
known as pseudo-serotyping. The capsid serotype de-
termines the efficiency of vector transduction depending on
the target cell type and tissue [45,46], allowing parenteral
administration of treatment with targeted effect. Specific
tissues may be targeted by naturally occurring AAV or AAV
capsids that have been optimised or engineered [46]. Most
naturally occurring capsid serotypes target hepatocytes with
various efficiency. One caveat with the use of rAAV is that
the vector genomes are predominantly extra-chromosomal
(episomal) and are lost in actively dividing cells such as
during paediatric organ growth or in organs with rapid
cellular turnover throughout life (Figure 2) [36,47]. A further
limitation of the use of rAAV may be the presence of pre-
existing neutralising antibodies to AAV which preclude the
use of AAV-based therapy, and this can occur following
natural exposure to wild-type AAV or from previous AAV
vector-based treatment [48,49]. As immunomodulating
technology currently stands, rAAV may only be adminis-
tered once in a lifetime.

Clinical Trials for HoFH Gene Therapy
Liver-directed gene therapy, whereby a new functional copy
of the LDLR gene is provided or the native LDLR gene is
repaired, is a tempting therapeutic option for HoFH, partic-
ularly when LDL targets are not able to be met by conven-
tional therapies [50]. The first attempt to treat HoFH in
humans using gene therapy was published in 1994, where a
29-year-old woman was treated with ex vivo gene therapy
[51]. She underwent a 25% hepatectomy and the harvested
hepatocytes were transduced ex vivo with a recombinant
retrovirus that carried wild-type LDLR cDNA. The autolo-
gous hepatocytes were then engrafted back into the liver via
the portal vein. Due to improvement in this patient’s LDL
level following treatment, four subsequent patients under-
went the same treatment [52]. However, there was only a
modest improvement in three of the five total treated pa-
tients (LDL level reduced 6%–25%), and no improvement in
two of the five. The effect seen declined over time and, due to
this, the low efficiency of treatment and the significant
morbidity associated with the procedure, this approach was
not pursued. It would be difficult to improve the efficiency of
this approach as infusing cells into the liver via the portal
vein is limited by the number of cells that can be reinfused
without causing embolism.
Despite this early attempt, there were no gene therapy

trials in humans for HoFH for more than two decades. A
phase 1/2 human clinical trial commenced in 2016
(ClinicalTrials.gov Identifier: NCT02651675) whereby human
LDLR cDNA was packaged into rAAV8 and used to treat
patients with HoFH [53]. The trial was completed in
November 2020, but the result of this trial is yet to be pub-
lished, and in a press release in 2020 it was announced that
the sponsor company, Regenxbio, was discontinuing internal
clinical development for this product [54]. Nine participants
were treated and there were no symptomatic adverse events.
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The patients developed elevated liver transaminases at 4
weeks post treatment, which was treated with steroids with
improvement [55]. This is a common side effect of
rAAV-based gene therapy [56,57]. Further optimisation of
the vector is warranted, and capsid choice is imperative.
Despite the importance of capsid choice, codon optimisation
is underway using the same capsid [58]. Capsid tropism that
is robust in the mouse or other preclinical animal model may
fail in the human. The serotype AAV8 is trophic to the mu-
rine liver, however in chimeric mouse–human livers it
transduces human hepatocytes markedly less efficiently than
it does murine hepatocytes [59]. Modern capsids such as
AAV-LK03, which transduces human hepatocytes in vivo far
more efficiently than AAV8 when compared in chimeric
mouse-human livers, give hope for robust clinical success in
the future [59]. With recent adverse events associated with
high-dose rAAV, research is being directed towards opti-
mising vectors to minimise the dose required. Vector

optimisation can involve: capsid engineering to target spe-
cific tissues or to de-target commonly transduced tissue such
as the liver; safe manufacturing and purification methods;
increased understanding of AAV biology; strategies to avoid
immunogenicity; and, new methods of administration,
among others [37].

Limitation of Gene Therapy in the
Paediatric Population
A limitation of gene addition with AAV vectors is that the
transgene is not reliably integrated into the host cell’s
genome and may be lost in concert with cellular replication
[36,60]. This is particularly important in the paediatric pop-
ulation where rapid growth through cell division is taking
place [47,61]. At birth, the liver weighs approximately 80 g,
doubling to 160 g by 4 months of age, and then over 400 g by
3 years of age. By age 12 years, the liver weighs over 900 g: a

Figure 2 Gene addition versus genomic editing.
A. RNA is expressed directly from the vector DNA with episomal gene therapy such as with recombinant adeno-associated
viral vectors. The viral DNA undergoes a conformational change to become a concatemer and RNA is expressed. Episomal
DNA is not replicated during cell division and the therapy will be lost in actively dividing cells.
B. CRISPR/Cas may be delivered as DNA or RNA, whereas the repair template must be delivered as DNA in order to reach
the nucleus. With genomic editing, new DNA is stably integrated into the genomic DNA at a defined locus and RNA is
expressed directly from the genomic DNA. This new genetic material will be replicated during cell division.
Created with BioRender.com
Abbreviation: CRISPR/Cas, clustered regularly interspaced short palindromic repeat-associated nuclease Cas.
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Figure 3 DNA repair mechanisms.
A. CRISPR/Cas9 introduces a double-stranded break in DNA at a protospacer adjacent motif (PAM) site and is directed
there using guide RNA. Repairing the cut with non-homologous end-joining (NHEJ) is error prone and can result in small
insertions and deletions (indels). Homology-directed repair (HDR) is more reliable as the cut site is repaired using a
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12-fold increase in size from birth [28]. This increase in liver
mass could be considered a surrogate for hepatocellular
proliferation. This has technology-related implications for the
delivery of durable liver-directed gene therapy in the
paediatric population. Thus, the recent clinical trial for
AAV-based HoFH gene therapy has limited applicability to
the paediatric population. For the growing organ, modifica-
tion or repair of the host genome must be undertaken such
that it will be passed on to daughter cells during cell division
to ensure durability of treatment effect.

Genomic Editing
Genomic editing offers the potential to repair a native locus,
retaining physiological gene expression with minimal risk of
mutagenesis as the native endogenous enhancer-promoter
elements are utilised. Various technological platforms
based on programmable nucleases have been employed in
order to enable loci-specific genomic editing including
meganucleases, zinc-finger nucleases, and transcription
activator-like effector nucleases [62]. These strategies have
largely been superseded by the clustered regularly inter-
spaced short palindromic repeat-associated nuclease Cas
(CRISPR/Cas). The CRISPR/Cas system and its potential in
programmable genome editing was described by Doudna
and Charpentier in 2012 [63] resulting in a Nobel Prize for
the authors in 2020 [64]. The CRISPR/Cas system facilitates
RNA-guided double-stranded DNA cleavage with Cas pro-
teins and originates as an immune defence mechanism for
bacteria against viruses and plasmids [63,65,66]. Shortly after
its potential in genome editing was considered, the CRISPR/
Cas ability to facilitate genome engineering in mammalian
cells was demonstrated [67]. To repair the native locus, a
DNA repair template is provided and is used by the host’s
DNA repair mechanisms to repair the cut site and simulta-
neously introduce a site-specific modification into the host
genome [68].
DNA repair mechanisms include non-homologous end

joining (NHEJ) or homology-directed repair (HDR) where
the donor template has homology to the target site
(Figure 3A) [67,69,70]. Ligation of DNA ends through
NHEJ is error-prone and may cause small insertions or
deletions (indels) at the break site which can be exploited to
disrupt pathogenic sequences [71]. In the absence of a

donor template, NHEJ can be used to introduce indels
which disrupt the function of a gene resulting in gene
silencing. HDR can be used to repair a pathogenic variant
at either the endogenous locus or another region of the
genome that is considered safe from insertional mutagen-
esis or disruption of resident gene function [72]. HDR
repair is limited to actively dividing cells [73]. Other editing
strategies include single homology arm donor mediated
intron-targeting integration (SATI) which is a combination
of HDR and NHEJ [75], precise integration into target
chromosome (PITCh) which can be used in non-dividing
cells using micro-homology-mediated end-joining [76,77].
The efficiency of an editing technique is dependent on the
DNA repair process used. Editing techniques which do not
induce a break in the DNA include base editing which in-
troduces precise point mutations [78] and prime editing
which allows targeted insertion, deletion, or replacement of
a single nucleotide through the delivery of RNA reagents,
without the need for a repair template [79]. There are too
many LDLR variants for prime editing to be a logistically
useful tool in HoFH. NHEJ is the major repair pathway in
mammalian cells and therefore editing using this technique
will occur at a relatively high frequency [71]. However, this
may be limited by the formation of undesirable indels.
HDR strategies are precise; however, they are reliant on
the target cell undergoing mitosis and occurs at lower fre-
quencies than NHEJ.

The chosen editing strategy is important and depends on
the goal. HDR requires a unique set of reagents for each
group of variants and risks eliminating residual function in a
hypomorphic allele as not all double stranded DNA breaks
will undergo repair [72,73]. Homology-independent targeted
integration (HITI) overcomes the limitations of HDR by us-
ing NHEJ and allows robust DNA modification in both
dividing and non-dividing cells (Figure 3B) [74]. With a HITI
strategy, potentially all LDLR mutation types could be
treated with a single set of reagents, which would also be
effective in compound heterozygous states. Editing efficiency
is relatively high in hepatocytes [29,80], which makes HoFH
an ideal candidate for liver-directed genomic editing.

The packaging capacity of rAAV is small, at only 4.7 kb,
and thus the donor template and CRISPR/Cas9 must be
packaged separately either as DNA in a second rAAV or
encoded as RNA in lipid nanoparticles (LNP). The

template with homology arms, however it is limited to actively dividing cells, risks knocking down a hypomorphic allele if
repair does not occur, and a separate set of reagents is required for each group of variants.
B. Homology-independent targeted integration (HITI) is not limited to the cell cycle as it utilises NHEJ, and the entire wild-
type cDNA can be integrated under a native promoter, refunctioning the locus with a single cassette. The donor sequence is
integrated into the host DNA at the cut site. If the donor sequence is integrated in the reverse orientation, the guide sequence
and PAM sites realign, and further double stranded breaks occur until the template is integrated in the correct orientation.
Figure adapted from Ginn et al, 2021 [29].Created with BioRender.com
Abbreviations: CRISPR/Cas, clustered regularly interspaced short palindromic repeat-associated nuclease Cas.
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limitations of AAV-based genomic editing include immu-
nogenicity to the virus, liver toxicity, prolonged Cas9
expression and random integration of the viral genome
[56,60]. Transgene expression from AAV vector can persist
up to 10 years or more, and prolonged expression of Cas9 is
unnecessary and may increase the potentially mutagenic risk
[81,82]. The first human clinical trial that delivered CRISPR/
Cas9 editing machinery in vivo shows promise for the treat-
ment of transthyretin amyloidosis [83]. CRISPR/Cas9 was
delivered as RNA in LNP. LNP have gained recent attention
following the widespread use of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) vaccinations [84,85].
While CRISPR/Cas9 may be delivered as DNA by rAAV,
DNA is relatively stable and sustained expression of Cas9
may result in prolonged editing events and associated safety
risks [82]. LNP-delivered RNA has a distinct advantage as
the RNA coding the editing reagents is expressed only
transiently [86]. LNP can only deliver RNA to the cytoplasm,
which is translated into protein, and without rAAV can only
be used to silence a gene. Expression of LNP-delivered RNA
peaks at 4 hours–8 hours and is only expressed for a total of 1
day–4 days [87,88] and therefore cannot be used as a gene
delivery system alone. When LNP is utilised to deliver
editing reagents, rAAV must still be used to efficiently
deliver the repair template as DNA to the nucleus. When the
repair template is designed such that the host enhancer-
promoter of the target gene is utilised and the DNA tem-
plate has no enhancer-promoter of its own, the risk of
insertional mutagenesis is greatly reduced.

Pre-Clinical Genomic Editing Studies
It was recently demonstrated that LDLR expression can be
rescued in a mouse model for HoFH using a dual rAAV
CRISPR/Cas9/repair template HDR in vivo strategy [89].
Notably, the mice were treated shortly after birth and
analysed as adults at 8 weeks of age. Following treatment,
the mice had significantly lower plasma LDL levels and
reduced burden of atherosclerotic plaque on the aorta when
compared to the untreated controls. The study was limited
by low editing efficiency (6.7%) and editing events in off-
target sites. While this strategy did not cure the mice to
wild-type levels, the introduction of functional LDLR will
render the ability to respond to statin treatment where
previously a null mutation limited any effect from statins.
Editing efficiency could be improved by using a HITI
editing strategy combined with a highly human-tropic
rAAV capsid, which has been shown to have an editing
efficiency in primary human hepatocytes in a chimeric
mouse–human liver of .30% [80]. Nevertheless, this study
is significant for the paediatric HoFH population as it
demonstrated durability of effect throughout the paediatric
organ growth period; however, it would not be directly
translatable to the human clinical context. HDR was used in
this strategy, which is suitable in a mouse model where all
study animals have the same pathogenic variant in the

LDLR gene. However, the LDLR gene spans 18 exons and
there are over 2,000 pathogenic variants [6,7]. If HDR was to
be applied to the human clinical context, a new strategy
would need to be developed for each group of mutations.
Furthermore, inducing a double-stranded break in the
coding region risks completely knocking out function in a
hypomorphic allele if repair does not take place, potentially
worsening the phenotype. HDR is also limited to actively
dividing cells. HITI overcomes these limitations. The LDLR
cDNA is approximately 2.5 kb, which is easily packaged
into the 4.7 kb capacity rAAV backbone. As such, the entire
wild-type LDLR gene could be inserted downstream of the
endogenous LDLR enhancer-promoter region, leaving the
LDLR gene under physiological control. Alternatively,
mutations in exons upstream of the insertion site could also
be treated, such as by introducing termination of the up-
stream cistron and expressing the entire wild-type LDLR
cDNA from a downstream cistron using an internal
ribosome entry site. This would allow robust correction of
all pathogenic variants with a single mutation-independent
strategy.
Capsid choice can affect efficiency of cellular transduction,

and serotypes that are efficient in murine hepatocytes are not
necessarily efficient in human hepatocytes. Therefore, choice
of capsid and pre-clinical model can affect how applicable
the findings are to human patients. One of the best model
systems employs patient-derived hepatocytes engrafted into
a chimeric mouse liver [90]. This model has been successfully
engrafted with human hepatocytes from a donor affected by
FH [91]. The mice developed a “human” lipid profile and
were successfully rescued using gene addition. This model
system would be a useful pre-clinical tool for future genomic
editing exploration.
There has been recent interest in introducing loss-of-

function mutations in the PCSK9 gene as a potential treat-
ment option for hypercholesterolaemia. Gain-of-function
mutations result in familial hypercholesterolaemia [92],
and naturally occurring loss-of-function PCSK9 mutations
are associated with lower LDL levels and reduced cardio-
vascular risk and do not appear to be associated with
adverse health risks [93]. Recently, multiple teams have
published successful introduction of a loss-of-function
mutation into PCSK9 using either dual rAAV or LNP/
rAAV strategies in non-human primates [94–96]. A human
clinical trial is underway where LNP is used to deliver gene
editing technology to disrupt the PCSK9 gene and the first
three participants with heterozygous FH have been treated
[97] (ClinicalTrials.gov Identifier: NCT05398029). This
strategy would not be effective in people with no residual
LDLR function and is more applicable to those with HoFH
due to mild variants or heterozygous FH. Similarly, loss-of-
function mutations in ANGPTL3 are associated with
reduced risk of coronary heart disease, with no associated
adverse health consequences. Using rAAV CRISPR/Cas9
base-editing to introduce a mutation in Angpltl3 of LDLR
knockout mice successfully improved the lipid profile of
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these mice, even when knocking out Pcsk9 had little effect
[98]. LNP has also been used to deliver knockdown of
Angptl3 in mice [99]. These alternative strategies are more
relevant to patients with heterozygous FH or even multi-
factorial hypercholesterolaemia.

Conclusion
HoFH is a devastating disease with high morbidity and
mortality rate starting in early childhood. Gene therapy to
treat homozygous familial hypercholesterolaemia was one of
the earliest human trials of gene therapy, however almost 30
years has passed, and this early enthusiasm has not trans-
lated into the clinic or changed patient outcomes. A recently
completed clinical trial using rAAV (ClinicalTrials.gov
Identifier: NCT02651675) may have limited translation to
children as during paediatric organ growth the newly
introduced genetic material will be lost during cell division.
There have been dramatic improvements in gene transfer
and genomic editing technology since this trial was
commenced, and thus future trials with newer technology
are anticipated. There is great potential in genomic editing
technology for use in the paediatric population and the tra-
jectory of further research should be directed towards this
technology. Further studies and strategies are required to
optimise the editing efficiency and minimise off-target ef-
fects. The future of HoFH is early diagnosis (such as with
newborn screening and universal screening programs) fol-
lowed by a robust, permanent modification of the affected
gene prior to the development of atherosclerotic sequelae,
combined with multidisciplinary management.
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Despite the availability of life-saving corticosteroids for 70
years, treatment for adrenal insufficiency is not able to recapit-
ulate physiological diurnal cortisol secretion and results in
numerous complications. Gene therapy is an attractive possi-
bility for monogenic adrenocortical disorders such as congen-
ital adrenal hyperplasia; however, requires further develop-
ment of gene transfer/editing technologies and knowledge of
the target progenitor cell populations. Vectors based on ad-
eno-associated virus are the leading system for direct in vivo
gene delivery but have limitations in targeting replicating cell
populations such as in the adrenal cortex. One strategy to over-
come this technological limitation is to deliver the relevant
adrenocortical gene to a currently targetable organ outside of
the adrenal cortex. To explore this possibility, we developed a
vector encoding human 21-hydroxylase and directed expres-
sion to the liver in a mouse model of congenital adrenal hyper-
plasia. This extra-adrenal expression resulted in reconstitution
of the steroidogenic pathway. Aldosterone and renin levels
normalized, and corticosterone levels improved sufficiently to
reduce adrenal hyperplasia. This strategy could provide an
alternative treatment option for monogenic adrenal disorders,
particularly for mineralocorticoid defects. These findings also
demonstrate, when targeting the adrenal gland, that inadver-
tent liver transduction should be precluded as it may confound
data interpretation.

INTRODUCTION
Little has changed in the treatment for congenital adrenal hyperplasia
(CAH) since exogenous steroids were first introduced 70 years ago.1–3

CAH encompasses seven monogenic disorders of the adrenal that
disrupt enzymatic function and result in a deficiency of one or
more adrenal steroids with compensatory adrenal hyperplasia sec-
ondary to adrenocorticotropic hormone (ACTH) stimulation.4 Defi-
ciency of 21-hydroxylase is the most common cause of CAH with a
global incidence of classical salt-wasting CAH estimated to be be-
tween 1 in 10,000 to 1 in 22,000.5–7 There is resultant deficiency of

cortisol and aldosterone, and upstream precursor steroids are shunted
along the 17-hydroxylase-facilitated pathway to form adrenal andro-
gens in excess causing pre- and postnatal virilization.4 While exoge-
nous corticosteroids are life-saving, treatment is far from perfect
and cannot mimic the diurnal rhythm and physiological control of
cortisol secretion, resulting in intervals of over- and undertreatment
within a 24-h period. Adrenal crisis remains the most common cause
of death and there is shorter life expectancy in those with CAH than
the general population.8

Superior treatment options are needed to overcome the burden of dis-
ease in CAH.9 As current standard management is imperfect, alterna-
tive and adjunctive treatment options have been explored, including
subcutaneous hydrocortisone pumps10,11 and modified-release once-
daily hydrocortisone.12,13 Neither of these alternatives is ideal, as
pump management is complex and the modified-release hydrocorti-
sone has not been shown to be superior to standard management.14

Recent success with gene therapy for conditions such as spinal
muscular atrophy has paved the way for other genetic treatments.15

There is a paucity of gene therapy studies targeting the adrenal cortex,
despite publication of the first pre-clinical gene therapy study for
CAH over 20 years ago.9 The murine adrenal cortex lacks
17-hydroxylase expression so does not produce adrenal androgens,
and the major glucocorticoid in the mouse is corticosterone16: thus
in the 21-hydroxylase-deficient mouse model, serum progesterone
levels are elevated rather than 17-hydroxyprogesterone (17OHP).17

While there is no hyperandrogenism, the model otherwise appropri-
ately recapitulates the human classical salt-wasting CAH phenotype
with inadequate glucocorticoid and mineralocorticoid production
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to sustain neonatal life. Murine studies using intra-adrenal or intrave-
nous delivery of a viral vector with 21-hydroxylase cDNA has demon-
strated short-term improvement in progesterone.18–20 Based on these
pre-clinical studies a human clinical trial is now under way using a
gene addition strategy with rAAV5-CYP21A2 (ClinicalTrials.gov:
NCT04783181).

However, these studies do not address the rapid cellular turnover in
the adrenal cortex. The recombinant adeno-associated virus
(rAAV) genome is maintained predominantly as extra-chromosomal
episomes that are lost during cellular replication. Therefore, a gene
addition strategy using rAAV will not provide a lasting effect.20,21

Furthermore, the development of neutralizing antibodies currently
limits the use of rAAV therapy to a single treatment.22,23 For durable
adrenal-directed gene therapy, the new genetic material must be inte-
grated into the genome of adrenocortical progenitor cells, a feat that is

beyond current technology due to difficulties in targeting this cell
population.9 One strategy that could overcome this technological lim-
itation is to deliver ectopic expression of 21-hydroxylase in a readily
targetable organ outside of the adrenal cortex. We explored this theo-
retical possibility by developing an rAAV encoding human
21-hydroxylase (CYP21A2) and directing expression specifically to
the liver in a mouse model of CAH. We hypothesized that hepatically
expressed human CYP21A2 could participate in steroidogenesis and
facilitate downstream adrenal production of corticosterone and aldo-
sterone (Figure 1A).We found that extra-adrenal expression of a defi-
cient adrenocortical enzyme could indeed co-operatively reconstitute
adrenal steroidogenesis.

RESULTS
Expression of human CYP21A2 in murine liver following rAAV-

mediated delivery

An rAAV2/8 vector utilizing a liver-specific promoter with the hu-
man CYP21A2 cDNA (Figure 1B) was intravenously delivered to
21-hydroxylase-deficient (C57BL/10SnSlc-H-2aw18; Cyp21a1�/�)
adult mice, homozygous for a pathogenic variant in Cyp21a1, at a
dose of 5 � 1011 vector genomes per mouse (Figure 1C). Four weeks
after administration, liver transduction was confirmed by vector copy
number (vcn) per diploid nucleus and vector encoded mRNA de-
tected in the livers of treated Cyp21a1�/� mice (Figures 2A and 2B,
respectively; Table S1). The median vcn/diploid nucleus was similar
in males and females; however, there was 3-fold higher vector tran-
scription into mRNA in males than females, as expected.24 In both
sexes, the mouse with the lowest vcn/diploid nucleus had the lowest
mRNA transcription (Figure 2C). Protein translation was demon-
strated by immunohistochemical staining for CYP21A2 (Figure 2D).
While human CYP21A2 mRNA was detectable in the treated
Cyp21a1�/� mouse adrenals, levels were 300- to 800-fold lower
than native Cyp21a1 mRNA in wild-type (Cyp21a1+/+) adrenals
(Figure S1A).

HumanCYP21A2 expression in the liver co-operatively improved

adrenal steroidogenesis

Serum aldosterone in the vector-treated Cyp21a1�/�mice was restored
to Cyp21a1+/+ levels (Figure 3A; Table S1). Serum corticosterone in the
treatedCyp21a1�/�mice was increased 4- to 5-fold compared with un-
treated Cyp21a1�/� controls; however, Cyp21a1+/+ serum corticoste-
rone levels were not achieved following vector administration (Fig-
ure 3B; Table S1). Cyp21a1+/+ females had 2-fold higher serum
corticosterone than their Cyp21a1+/+ male counterparts, as has been
previously demonstrated by other researchers.25 The change in individ-
ual dried whole blood corticosterone improved in all but one
Cyp21a1�/� mouse (Figure 3C). Although this mouse had the lowest
vcn/diploid nucleus, lowest vector expression among the males, and
lowest serum corticosterone (69.8 nmol/L), vcn/diploid nucleus did
not always correlate with steroidogenic effect in other treated mice.
Progesterone improved in the treated Cyp21a1�/� female mice but
there was no change in the Cyp21a1�/� male progesterone levels (Fig-
ure 3D; Table S1). The progesterone remained 17- and 35-fold higher
in Cyp21a1�/� females and males than Cyp21a1+/+ levels, respectively.

A

B

C

Figure 1. Study set up to assess hepato-adrenal cooperativity in

steroidogenesis

(A) Hypothesis: in 21-hydroxylase deficiency, the precursor steroid (progesterone in

the mouse, 17-hydroxyprogesterone in the human) accumulates and enters the

systemic circulation where it will circulate to the liver. Recombinant AAV-derived

human 21-hydroxylase expressed in the liver will convert progesterone to deoxy-

corticosterone, which will then enter the systemic circulation, reaching the adrenal

gland. Enzymes downstream of 21-hydroxylase will be unaffected andwill be able to

complete steroidogenesis. (B) Recombinant AAV vector genome; liver-specific

enhancer-promoter (ApoE-hAAT), human 21-hydroxylase cDNA (hCYP21A2), and

bovine growth hormone poly-adenylated tail (polyA). The scale bar represents 500

base pairs. (C) Prior to treatment, dried whole blood was collected on to filter paper.

Mice (n = 5 male, n = 5 female) were administered the purified vector intravenously

via the tail vein and harvested 4 weeks later. AAV, adeno-associated virus.
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Renin expression normalized and adrenal hyperplasia reduced

following human CYP21A2 expression in the liver

Given that renin increases in response to reduced renal perfusion and
reduced tubular sodium content to activate the renin-angiotensin-
aldosterone system,26,27 renin (Ren1) expression was measured as a
marker of mineralocorticoid function. Ren1 mRNA expression in
the kidneys was normalized to TATA-box binding protein (Tbp)
mRNA as the chosen reference housekeeping transcript.19,28–30 Renin
expression was 25- to 30-fold higher in untreated Cyp21a1�/� mice
compared with Cyp21a1+/+. Renin expression in Cyp21a1�/� mice
was restored to Cyp21a1+/+ levels following treatment with the vector
(Figure 3E; Table S1).

Female mice are known to have larger adrenal glands than males.25

This pattern remained consistent in the Cyp21a1�/� mice with the
bilateral adrenal mass 20% higher in Cyp21a1�/� females than
Cyp21a1�/� males. Cyp21a1�/� females had adrenal mass 2.6-fold
larger than Cyp21a+/+ females and Cyp21a1�/� male adrenal mass
was 3.2-fold larger than Cyp21a1+/+ male adrenal mass. While the ef-
fect on corticosterone was partial, there was a reduction in size of the
bilateral adrenal mass by one-third following treatment in both
Cyp21a1�/� males and females (Figure 4A; Table S1). The bilateral
adrenal mass was also measured as a percentage of the total body
mass to account for any variation in body size and the reduction in
adrenal size persisted (Figure S1B). Upon direct macroscopic exami-
nation, the adrenal glands from the treated Cyp21a1�/� animals were
collapsed and flat, consistent with a reduction in volume, compared
with the round untreated Cyp21a1�/� glands. The difference was
visible macroscopically (Figure 4B). There was no change in the his-
tological architecture of the adrenal cortex following treatment (data
not shown).

Blood was collected during exsanguination causing physiological stress.
The difference in maximal ACTH secretion in the treated Cyp21a1�/�

mice was not statistically significant compared with the untreated
Cyp21a1�/� mice (Figure S1C). Due to the short half-life of ACTH,
expression of the ACTH receptor (Mc2r) was also examined. Although
the expression of Mc2r did not change in the female mice following
treatment, expression was reduced by 28% in treated Cyp21a1�/�

male mice compared with untreated Cyp21a1�/�(Figure S1D).

DISCUSSION
The adrenal cortex is an attractive gene therapy target, but its chal-
lenging biological properties have yet to be surmounted by contem-
porary gene delivery technology. Adeno-associated virus has natural
tropism for the liver and is a logical target for gene therapies. Our
approach exploits this characteristic with good clinical effect. This
study demonstrated that extra-adrenal expression of human
CYP21A2 facilitated by rAAV gene delivery to the liver successfully
conferred hepato-adrenal co-operativity in steroidogenesis resulting
in significant phenotypic correction in a 21-hydroxylase-deficient
mouse. In adults with completed liver growth, this strategy overcomes
the limitations imposed by adrenocortical cellular turnover, rAAV
gene delivery, and targeting stem/progenitor cell populations that

are not fully characterized.9,20 Mineralocorticoid function was
restored and glucocorticoid production improved. This is the first
study that has looked at the effect of rAAV-mediated adrenocortical
gene delivery to the liver. Based on these data, this strategy could pro-
vide a treatment option for mineralocorticoid disorders such as aldo-
sterone synthase deficiency; however, requires further development
for use in disorders that impact glucocorticoid production. This study
also highlights a need for caution in the interpretation of the effects of
systemically administered therapies that may result from inadvertent
liver transduction.

The clinically relevant outcomes of our strategy include improved ste-
roidogenesis with subsequent phenotypic benefit. Restoration of aldo-
sterone production would likely result in resolution of the salt-
wasting component of the phenotype and therefore could improve
the clinical phenotype from severe salt-wasting to simple virilizing
CAH. This is important as the most severe form, salt-wasting CAH,
has a higher mortality rate than milder phenotypes.31 While blood
pressure and urine sodium were unable to be measured, renin expres-
sion was considered an appropriate surrogate marker for mineralo-
corticoid function. Following normalization of aldosterone produc-
tion, renin expression in the kidney also normalized. The
aldosterone likely allowed appropriate salt retention, which removed
stimulation on the renin-angiotensin-aldosterone system and thus
increased renin expression was no longer required.

Aldosterone is produced in picomolar serum concentrations, whereas
corticosterone is produced in nanomolar concentrations. This means
the amount of aldosterone required for physiological normalization
is 1,000-fold less than corticosterone and is therefore more achievable.
Corticosterone production improved 4- to 5-fold in the treated
Cyp21a1�/� mice compared with untreated Cyp21a1�/� mice. How-
ever, it was still only 40% of wild-type level in males and 22% of
wild-type level in females. Despite the corticosterone production not
reaching wild-type levels, the increased corticosterone production
was sufficient to reduce the hypothalamic-pituitary-adrenal axis stim-
ulation, demonstrated by a reduction in adrenal size. As the serum was
collected during a terminal procedure, the ACTH level detected was the
maximum secretory capacity. When the pituitary is subject to chronic
corticotropic releasing hormone stimulation from the hypothalamus,
the pituitary ACTH-producing corticotrophic cells undergo hyperpla-
sia.32 ACTH secretion is biphasic with the immediate release of stored
ACTH followed by sustained release of newly synthesized ACTH.33

Untreated Cyp21a1�/� mice had a greater maximal ACTH secretory
capacity than the treated Cyp21a1�/� mice. This indicates that either
the storage or secretory capacity of ACTH by pituitary corticotrophs
reduced following the vector treatment, likely due to reduced hypotha-
lamic stimulation upon the pituitary as a direct result of increased
corticosterone production by the adrenal cortex. Improvement in
expression of the ACTH receptor in our Cyp21a1�/� male treatment
group was similar to that of a previous study in which males and fe-
males were combined into a single treatment group, although the pro-
portion of males and females in that study was not described.19 The
finding was not detected in our treated Cyp21a1�/� female group
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demonstrating the importance of documenting both sexes separately as
results are not generalizable between the sexes.

Despite these improvements, and some reduction in progesterone in
the treated Cyp21a1�/� females, progesterone remained elevated and
if recapitulated in humans would be associated with persistent
androgen elevation. This could contribute to morbidity, particularly
in women with CAH, and anti-androgen treatment may be required.
Elevated progesterone may be required for the continual corticoste-
rone production as increased progesterone production by the adrenal
cortex allows spill-over into the systemic circulation, allowing the pre-

cursor to reach the newly expressed 21-hydroxylase in the liver, and
therefore conversion to corticosterone. Should progesterone
normalize, it is unclear whether that would still provide enough circu-
lating substrate for hepatic 21-hydroxylation.

To our knowledge, this is the first study that has examined the effect
of rAAV-mediated adrenocortical gene delivery to the liver. This
could provide an alternative treatment option for CAH. The adrenal
cortex can regenerate itself when only the capsule remains,34 from
populations of cells located in the capsule and subcapsular region.35

Cells from the peripheral layers differentiate into zona glomerulosa

Figure 2. Robust delivery to and expression of human CYP21A2 in the murine liver

(A) Vector DNA detected in the livers of treated mice. (B) The ratio of vector-derived mRNA transcripts to murine albumin transcripts. (C) Vector copy number vs. vector

expression in males (red) and females (black). (D) IHC staining demonstrated CYP21A2 protein (red) in the liver from a representative treated male�/�mouse with 20.5 vcn/

diploid nucleus and transcript mRNA ratio 0.88. Scale bar represents 100 mm. DAPI nuclear staining in blue. vcn, vector copy number; IHC, immunohistochemistry; �/�,

homozygous 21-hydroxylase deficiency; _, male; \, female; Rx, homozygous 21-hydroxylase deficient mice that were treated with vector;CYP21A2, human 21-hydroxylase;

mAlb, murine albumin; ns, not significant. Individual data points are shown, and error bars represent median and interquartile range. *p < 0.05 on Mann-Whitney U test.
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cells and then undergo lineage conversion as they migrate centripe-
tally to populate the deeper zones until they reach the cortico-med-
ullary junction where they apoptose.36–38 While rAAV is the most
popular vector-based gene delivery system in vivo,39,40 and has
shown long-term durability of expression in the liver of adults,41

one caveat is that it is predominantly episomal. Thus, during pedi-
atric organ growth or in organs with life-long cellular turnover such
as the adrenal cortex, the effect of gene therapy will be transient as
the episomal vector genomes will be lost during cellular divi-
sion.20,21,42 Moreover, repeated doses of rAAV therapy are not
currently feasible due to the development of neutralizing antibodies
and immunomodulatory technology has not yet been clinically vali-
dated.22,23 Thus, effective treatment must be durable after a single
dose. We have demonstrated that hepatically expressed adrenal en-
zymes are able to contribute to adrenal steroidogenesis, and this
gene addition approach is directly applicable to adults with mono-
genic adrenocortical disorders. Conventional gene addition strate-
gies using rAAV do not address hepatocellular proliferation, which
is a particular challenge in the pediatric liver.21,43 However, this
could be surmounted in the pediatric CAH population, by use of a
gene editing approach whereby the newly introduced genetic mate-
rial is stably integrated into the host genome, which has been shown
to be an effective method to provide durable hepatic transgene
expression in the growing liver.44

Our study also provides evidence supporting the possibility that
enzyme activity from inadvertent extra-adrenal organ transduction
could contribute to the biochemical effects seen when rAAV is used
to deliver adrenocortical genes systemically, particularly when ubiq-
uitously expressing enhancer-promoters are used. This unrecognized
effect may lead to misinterpretation of results, attributing delivery of
vector to the adrenal cortex as the cause of the phenotypic effect
rather than vector expressed outside the adrenal gland. A persistent
effect may be seen despite anticipated adrenal turnover. Despite
this, a phase I/II clinical trial is under way whereby rAAV5 is used
to deliver CYP21A2 with a ubiquitous promoter to adults with
21-hydroxylase deficiency (ClinicalTrials.org: NCT04783181), and
at least four adults with CAH have been treated thus far.45 Use of
the rAAV5 capsid serotype and a ubiquitous promoter means that
the CYP21A2 will be expressed extensively throughout the body,
including the liver, and not just in the adrenal cortex. Indeed the
rAAV5 capsid is used for liver-targeted delivery of factor IX in the
approved product Hemgenix.46 There is some caution regarding
the potential prematurity of this clinical trial in CAH, given concerns
about safety and durability, particularly when traditional inexpensive
steroid treatment (although not perfect) can suffice.47

rAAV-delivered extra-adrenal 21-hydroxylase has been previously at-
tempted; however, did not achieve statistically significant results.48 To

Figure 3. Improvement in steroidogenesis following hepatic CYP21A2 expression

(A) Serum aldosterone. (B) Serum corticosterone. In the call-out box, +/+ controls were removed to demonstrate more clearly the change in serum corticosterone levels in

�/� treated vs. �/� untreated. (C) Dried whole blood corticosterone before treatment and at harvest in males (red) and females (black). (D) Serum progesterone. (E) Renin

expression demonstrated as the ratio of renal renin (Ren1) mRNA transcripts to Tbp transcripts. +/+, wild-type 21-hydroxylase sufficiency;�/�, homozygous 21-hydroxylase

deficiency; _, male; \, female; Rx, homozygous 21-hydroxylase deficient mice that were treated with vector; Ren1, renin; Tbp, TATA-box binding protein; ns, not significant.

Individual data points are shown, and error bars represent median and interquartile range. *p < 0.05; **p < 0.01 on Mann-Whitney U test. ***p < 0.001 on two-way ANOVA.
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date, most of the pre-clinical gene therapy studies for CAH have
focused on gene delivery to the adrenal cortex and none has proven
durability beyond the adrenocortical cellular turnover period.18–20,49

While one group demonstrated a positive effect on the Cyp21a1�/�

phenotype for at least 15 weeks despite very low levels of residual vec-
tor DNA in the adrenal glands,19 another demonstrated the effect was
transient, lasting only 8 weeks in female Cyp21a1�/� mice.20 Use of a
ubiquitous promoter can allow persistent expression of vector-
derived DNA delivered to stable organs such as liver and muscle,
implicating expression of vector from sites external to the target or-
gan.50 In non-human primates that were treated with rAAV5-
CYP21A2, the vector DNA in adrenal glands waned with time and
there was more vector DNA and transgene expression in the liver
than adrenal glands.51 While our CYP21A2 vector had a liver-specific
promoter, a very small amount of CYP21A2mRNA was expressed in
the adrenal gland at detectable levels. However, it was up to 800-fold
lower than nativeCyp21a1 expression in wild-type adrenal glands and
therefore unlikely to have exerted a clinical effect. Our study demon-
strated thatCYP21A2 specifically expressed in the liver can exert a ste-
roidogenic effect, implying that some of the effect seen in other
studies may have been due to 21-hydroxylase expressed extra-adre-
nally. Female mice have a more rapid adrenocortical cellular turnover
rate than males (3 months vs. 9 months).52 Use of predominantly
male mice may also prolong the duration of effect of rAAV gene de-
livery to the adrenal cortex. Ours is the first pre-clinical adrenocor-
tical gene therapy study to report male and female data separately.
It is known that female mice have larger adrenal cortices due to a
larger zona fasciculata and as such, have higher corticosterone levels
at baseline.25 Therefore, we considered it important to demonstrate
the changes following gene therapy in both sexes.

While human clinical translation is plausible, the approach described
would require refinement. From a gene delivery perspective, this
would include pseudo-serotyping the rAAV vector with a highly hu-
man liver tropic capsid such as the AAV-SYDs53 or AAV-LK03,54

rather than the murine liver tropic AAV8 capsid serotype. This in
turn would facilitate the use of lower vector doses with an associated
reduction in unwanted immune-mediated adverse events currently
being observed in high-dose rAAV trials, such as thrombotic micro-
angiopathy. These are being increasingly well managed with short
courses of glucocorticoids and other immune-modulating drugs.55,56

No other changes to the vector construct are likely to be required,
such as inclusion of an inducible promoter-enhancer, given that up-
stream and downstream glucocorticoid production remains under
physiological control. In women with CAH, as already discussed,
the only other refinement would be inclusion of strategies to manage
ongoing elevation of androgens and related sequelae with or without
stress precautions in both sexes.

With current technology, simple gene delivery to the adrenal cortex
using rAAV will not have a durable effect. We have demonstrated
an alternative whereby adrenocortical genes can be delivered to a sta-
ble organ outside of the adrenal cortex using contemporary technol-
ogy. The future of adrenal-directed gene therapy is to stably integrate

new genetic material into the genome of adrenocortical progenitor
cells such that the daughter cells maintain the correction.9 This
method is impeded by the difficulty in identifying adrenocortical pro-
genitor cells, which is required for the development or discovery of
rAAV capsids that can transduce this cell population. Alternatively,
a method that allows rAAV to evade the immune system would allow
repeated administration of rAAV without the need to target the
elusive progenitor population.

We have demonstrated that specifically expressing human CYP21A2
in the livers of 21-hydroxylase-deficient mice can correct the CAH
phenotype through hepato-adrenal cooperativity in steroidogenesis
with resultant normalization of aldosterone production and renin
expression, and sufficient improvement in corticosterone production
to allow reduction in adrenal gland hyperplasia. This strategy has the
potential to overcome the current technological limitations of direct
adrenal cortex targeting with rAAV. While this could be directly
applied to an adult population with completed liver growth, it would
need to be adapted to a gene editing approach for a durable effect in
the pediatric CAH population. This work also demonstrates that ex-
tra-adrenal 21-hydroxylation has a meaningful clinical effect and any
biochemical effect seen when utilizing systemically delivered rAAV
with a ubiquitous promoter-enhancer cannot be definitively attrib-
uted to adrenal 21-hydroxylase expression.

MATERIALS AND METHODS
Animal procedures

All animal care and experimental procedures were evaluated and
approved by the joint Children’s Medical Research Institute and
The Children’s Hospital at Westmead Animal Care and Ethics Com-
mittee (Project C381). The C57BL/10SnSlc-H-2aw18 mouse model
was kindly provided by Toshihiko Shiroishi (National Institute of
Genetics) and the RIKEN BRC through the National BioResource
Project of the Ministry of Education, Culture, Sports, Science and
Technology, Japan. The H-2aw18 mouse model has 21-hydroxylase
deficiency, which is neonatally lethal.57 Heterozygous (H-2b/aw18;
Cyp21a1+/�) mice were bred to produce homozygous (H-2aw18,
Cyp21a1�/�) offspring. Exogenous steroid rescue was required for
survival of the homozygous offspring. Dams were examined daily
to determine the presence of a vaginal plug, indicating E0.5. All
dams received 5 mg of dexamethasone (Ilium Dexason, Troy Animal
Healthcare) subcutaneously daily from gestational day 18 until the
birth. Day 19 was the most common day of delivery in this colony.
All pups received 10 mg corticosterone and 0.05 mg fludrocortisone
subcutaneously from birth second daily until 3 weeks of age. Once ge-
notype was available, steroid treatment was ceased prior to 3 weeks of
age in non-homozygous pups. Genotype was determined using a
PCR-based assay with genomic DNA from toe removal during iden-
tification at 9 days of age. Dams, pups, and weaned Cyp21a1�/� mice
were provided with table rock salt thrice weekly. Cyp21a1�/� pups
were weaned to small groups with other Cyp21a1�/� animals from
the same litter or a single non-homozygous littermate to avoid
resource competition. Animals were maintained with 12-h light/
dark cycles with free access to standard mouse chow and water.
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With exogenous steroid rescue, 35%–50%ofCyp21a1�/� offspring sur-
vived the neonatal period with the higher survival rate seen with expe-
rienced dams. This is higher than the previously published 12% survival
rate.19 Cyp21a1�/� males outnumbered Cyp21a1�/� females in the
surviving offspring approximately 2:1, implying a survival advantage
in males or disadvantage in females. Female mice are known to have
higher serum corticosterone levels than males25 so the corticosterone
deficiency may have had a more profound effect on female mice due
to an increased absolute requirement. The median bilateral adrenal
mass was 2.6 times greater inCyp21a1�/� females and 3.4 times greater
in Cyp21a1�/� males compared with wild-type adrenals.

Prior to injection, a whole blood spot was collected on filter paper be-
tween 2 and 4 p.m. from a conscious submandibular bleed. Adult
Cyp21a1�/� mice received the rAAV8-CYP21A2 vector at a dose of
5 � 1011 vgc/mouse intravenously via the tail vein. Four weeks later
the treated Cyp21a1�/� animals were harvested between 2 and 4
p.m. The same method was used to harvest untreated Cyp21a1�/�

and wild-type (H-2b, Cyp21a1+/+) controls. The mice were anesthe-
tized using isoflurane (3%–5%) to facilitate open cardiac puncture
for blood collection. Blood was collected on filter paper and the re-
maining spun down to collect serum that was stored at �80�C until
analysis. Following exsanguination, the animal was terminated with
cervical dislocation and tissues harvested. Tissues for biochemical
and molecular analysis were snap frozen in liquid nitrogen and stored
at�80�C. Samples for immunohistochemistry were fixed in 4% (w/v)
PFA overnight at 4�C and then underwent a sucrose gradient until
embedding in optimal cutting temperature compound and snap
frozen in isopentane chilled in liquid nitrogen.

Vector construction and production

The human CYP21A2 cDNA (GenBank: NM_000500.9) was cloned
into an AAV2 backbone that had an ApoE-hAAT enhancer-pro-
moter (liver-specific) that was provided by S. Cunningham21 (Fig-
ure 1B). A Kozak sequence was included immediately upstream of
the hCYP21A2 cDNA. The vector was packaged by triple transfection
of human embryonic kidney 293 cells, as previously described,21 and
was pseudo-serotyped with the AAV8 capsid (rAAV2/8). Vector par-
ticles were purified from cell lysate using standard cesium chloride
gradient centrifugation. Titer was assigned using digital droplet
PCR (C1000 Touch Thermal Cycler #1851196 and QX200 Droplet
Reader #1864003, BioRad) using primers specific for the bovine
growth hormone polyadenylation tail signal (Table S2) with QX200
ddPCR EvaGreen Supermix (BioRad 1864034). The conditions
were 95�C for 5 min, 40 cycles of 95�C for 30 s and 60�C for
1 min, followed by 4�C for 5 min, 90�C for 5 min.

Immunohistochemistry

Frozen liver sections (5 mm) were permeabilized in methanol and
then 0.1% (v/v) Triton X-100. They were then blocked with 10%
(v/v) donkey serum and 10% (v/v) fetal bovine serum in phosphate
buffered saline without magnesium or calcium (PBS). After washing
with 0.1% (v/v) Tween 20, the sections were incubated overnight with
the rabbit primary CYP21A2 antibody (Abcam ab230327) diluted
1:50. After washing with 0.1% (v/v) Tween 20, the sections were incu-
bated with the secondary antibody (AlexaFluor Donkey anti-rabbit
594, Invitrogen A32754) diluted 1:500, and then counterstained
with DAPI, diluted to 0.03 mg/mL.

Vector copy number determination

Genomic DNA was extracted from frozen liver using a standard
phenol-chloroform extraction method. It was digested with restric-
tion enzyme HindIII-HF (New England BioLabs R3104L).

Vector copy number (vcn) was determined using digital droplet PCR
(C1000 Touch Thermal Cycler #1851196 and QX200 Droplet Reader

Figure 4. Reduction in adrenal hyperplasia after hepatic CYP21A2

expression

(A) Absolute bilateral adrenal mass. (B) Macroscopic photographs of representative

adrenal glands after fat dissection. +/+, wild-type 2-hydroxylase sufficiency; �/�,

homozygous 21-hydroxylase deficiency; _, male; \, female; Rx, homozygous

21-hydroxylase-deficient mice that were treated with vector. Individual data points

are shown, and error bars represent asmedian and interquartile range. **p < 0.01 on

Mann-Whitney U test.
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#1864003, BioRad) using primers specific for human CYP21A2 and
murine albumin (Table S2) with QX200 ddPCR EvaGreen Supermix
(BioRad 1864034). The conditions were 95�C for 5 min, 40 cycles of
95�C for 30 s and 60�C for 1 min, followed by 4�C for 5 min, 90�C for
5 min. The CYP21A2 count was normalized to two copies of murine
albumin to determine vcn/diploid nucleus.

Quantitative real-time PCR

RNA was extracted using the Purelink RNA Mini Kit (Invitrogen
12183018A) and stored at �80�C. cDNA was generated from ex-
tracted RNA using the SuperScript IV First-Strand Synthesis System
(Invitrogen 18091050) using the Oligo d(T)20 primer and stored at
�20�C. Primers were used to detect gene expression for CYP21A2
(normalized to murine albumin as the reference transcript) in liver,
Ren1 (normalized to Tbp as the reference transcript) in kidney and
Mc2r, the ACTH receptor (normalized to Tbp) in adrenal cDNA,
(Table S2). TB Green Premix Ex Taq II (Takara RR82WR) was
used in the reaction with conditions as follows: 95�C for 30 s, 40 cycles
of 95�C for 5 s, 60�C for 20 s, and 76�C for 10 s followed by melt
60�C–95�C (Qiagen Rotor-Gene Q).

Steroid profiles

Serum aldosterone, corticosterone, and progesterone

The steroid calibrators, controls, and isotopically labeled internal
standard mix were obtained from Chromsystems Instruments &
Chemicals Gmbh, Germany. The Optima LC-MS grade solvents
including water, methanol, methyl t-butyl ether, acetonitrile, and for-
mic acid were obtained from Fisher Chemicals, UK. Internal standard
solution was added to calibrators, controls, and test samples and
organic solvents were used for extraction. The extract supernatants
were evaporated to dryness under nitrogen in a 37�Cwater bath. After
evaporation, the extracted steroids were reconstituted in 50% meth-
anol. Steroids were analyzed by ultra performance liquid chromatog-
raphy-tandem mass spectrometry (UPLC-MSMS) using validated in-
house developed methods (Waters Acquity UPLC and Xevo TQ-S
mass spectrometer).

Whole blood corticosterone

The dried blood spot samples were collected onto filter paper and
were extracted using an organic solvent (95% methanol) containing
deuterated internal standards for each steroid. Whole blood cortico-
sterone was measured using liquid chromatography-tandem mass
spectrometry (Waters Xevo TQ-S with Acquity UPLC system).

ACTH ELISA

ACTH was measured after thawing snap frozen serum using the
Mouse/Rat ACTH SimpleStep ELISA Kit as per manufacturer in-
structions (Ab263880, Abcam).

Statistical analysis

GraphPad Prism 9 was used for statistical analysis and graph produc-
tion. Non-parametric statistical methods including the Mann-
Whitney U test were used.
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Table S1: Median values for results presented in figures 

 

Measurement Genotype Treated Male Female 

Vector DNA (vcn/diploid nucleus) -/- Yes 13.1 12.3 

Vector RNA (ratio of CYP21A2 mRNA transcripts to albumin 

transcripts) 

-/- Yes 0.79 0.20 

Serum aldosterone (pmol/L) +/+ No 784 1056 

-/- No 341 390 

-/- Yes 1206 1360 

Serum corticosterone (nmol/L) +/+ No 436 987 

-/- No 39 43 

-/- Yes 175 220 

Serum progesterone (nmol/L) +/+ No 12.1 28.6 

-/- No 506 723 

-/- Yes 443 517 

Renal renin expression (ratio of Ren1 mRNA transcripts to Tbp 

transcripts) 

+/+ No 3.5 6.2 

-/- No 129 197 

-/- Yes 5.1 6.5 

Bilateral adrenal mass (mg) +/+ No 3.2 5.1 

-/- No 10.9 13.4 

-/- Yes 7.3 9.5 

Abbreviations: vcn, vector copy number; Tbp, TATA-box binding protein; +/+, wild-type 21-hydroxylase 

sufficiency; -/-, homozygous 21-hydroxylase deficiency  

 

 

Table S2: Primers  

 

Purpose Target Sequence (5’-3’) 

Genotyping (PCR) Wild-type Cyp21a1 

allele  

ACCACCCTGAGGTGCACT 

GGGAGATTGATGCCAGCATAAG 

Mutant Cyp21a1 allele TCCTTGGGGATGTCATAGCCA 

TCACCATCCTGAAGTGCACC 

Vector genome titre (ddPCR) Bovine growth 

hormone polyA 

GCCTTCCTTGACCCTGGA 

ACTCAGACAATGCGATGCAA 

Vector genome copies (ddPCR) 

and CYP21A2 expression 

(qPCR) 

Human CYP21A2 TACCTCACCTTCGGAGACAA 

CCACGATGTGATCCCTCTTC 

Vector copy number 

normalisation (ddPCR) 

Albumin AACTGCTACTCCCCTCCTAC 

TTTACCCCAGTGCAGGAAAG 

Albumin expression (qPCR) Albumin TACAGCGGAGCAACTGAAGA 

TTGCAGCACAGAGACAAGAA 

Renin expression (qPCR) Ren1 CTCTGGGCACTCTTGTTGCT 

AGAAGGCATTTTCTTGAGCG 

ACTH receptor expression 

(qPCR) 

Mc2r TTTCTCAGTCATCTTGCCGA 

ATGCTCCTCTCCTTGGCTTT 

Cyp21a1 expression (qPCR) Murine wild-type 

Cyp21a1 

ACAGGAACCGAATGCAGCTG 

CTTAGGGATGTCATAGCCGG 

TATA-box binding protein 

expression for normalisation 

(qPCR) 

Tbp CCCTTGTACCCTTCACCAATGAC 

TCACGGTAGATACAATATTTTGAAGCTG 
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Figure S1.  

A. 21-hydroxylase mRNA transcripts. Native murine Cyp21a1 transcripts in the adrenal gland or vector-

derived human CYP21A2 transcripts in the liver or adrenal gland of vector-treated mice are shown as a ratio 

to Tbp transcripts. B. Relative bilateral adrenal mass as a ratio to body weight as a percentage to account for 

any variation in body size. C. Serum ACTH. D. ACTH receptor (Mc2r) transcripts normalised to Tbp. 

Abbreviations: +/+, wild-type 21-hydroxylase sufficient controls; -/-, homozygous 21-hydroxylase deficient 

controls; ♂, male; ♀, female; Rx, homozygous 21-hydroxylase deficient mice that were treated with vector; 

Liv, liver; Adr, adrenal; ACTH, adrenocorticotropic hormone; Tbp, TATA-box binding protein; Cyp21a1, 

murine 21-hydroxylase; CYP21A2, vector-derived human 21-hydroxylase. Individual data points are shown, 

and error bars represent as median and interquartile range. * p<0.05 and ** p<0.01 on Mann-Whitney U test. 
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