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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.
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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
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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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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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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
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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.
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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
Molec
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
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 3
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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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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-
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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
4



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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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
Molec
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
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 5
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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
6 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
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.
4



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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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.
Molec
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
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 7
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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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