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Cerebrotendinous xanthomatosis (CTX) is an autosomal reces-
sive disease caused by mutations in the CYP27A1 gene, encod-
ing the sterol 27-hydroxylase. Disruption of the bile acid
biosynthesis pathway and accumulation of toxic precursors
such as cholestanol cause chronic diarrhea, bilateral juvenile
cataracts, tissue deposition of cholestanol and cholesterol (xan-
thomas), and progressive motor/neuropsychiatric alterations.
We have evaluated the therapeutic potential of adeno-associ-
ated virus (AAV) vectors expressing CYP27A1 in a CTX mouse
model. We found that a vector equipped with a strong liver-
specific promoter (albumin enhancer fused with the a1 anti-
trypsin promoter) is well tolerated and shows therapeutic effect
at relatively low doses (1.5 x 10'? viral genomes [vg]/kg), when
less than 20% of hepatocytes overexpress the transgene. This
vector restored bile acid metabolism and normalized the
concentration of most bile acids in plasma. By contrast, stan-
dard treatment (oral chenodeoxycholic acid [CDCA]), while
reducing cholestanol, did not normalize bile acid composition
in plasma and resulted in supra-physiological levels of CDCA
and its derivatives. At the transcriptional level, only the vector
was able to avoid the induction of xenobiotic-induced pathways
in mouse liver. In conclusion, the overexpression of CYP27A1
in a fraction of hepatocytes using AAV vectors is well tolerated
and provides full metabolic restoration in Cyp27al '~ mice.
These features make gene therapy a feasible option for the etio-
logical treatment of CTX patients.

INTRODUCTION

Cerebrotendinous xanthomatosis (CTX, OMIM 213700) is an auto-
somal recessive disease caused by mutations in the CYP27A1
gene,”” which encodes a mitochondrial sterol 27-hydroxylase
(CYP27A1, EC 1.14.13.15).> This enzyme is involved in cholesterol
metabolism and particularly in different steps of bile acid (BA)
biosynthetic pathways.* CTX patients present complex and heteroge-
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neous clinical manifestations, including chronic diarrhea with infan-
tile onset, juvenile cataracts, tendon xanthomas, osteoporosis, prema-
ture atherosclerosis, mild respiratory insufficiency, and progressive
neuropsychiatric alterations (ataxia, peripheral neuropathy, epilepsy,
depression, and cognitive deterioration).” Some reports describe cases
of severe infantile cholestasis,” ® although liver damage is not a com-
mon characteristic of this disease. The onset and severity of symp-
toms differ among CTX patients, which contributes to the fact that
their diagnosis is usually delayed more than 15 years.”'* Recent ana-
lyses based on pathogenic allele frequencies predict an approximate
incidence of 1:150,000 in Europeans; 1:250,000 in Africans;
1:70,000 in Americans; 1:65,000 in East Asians; and 1:35,000 in South
Asians."’ These figures suggest that CTX is underdiagnosed and
markedly under-reported, since only a few hundred cases have been
described in the literature.* The physiopathology of CTX is complex
and not fully understood.'>"? Although CYP27A1 is expressed in
most cells, its absence in hepatocytes explains the deficiency of cheno-
deoxycholic acid (CDCA) observed in patients. Through the classical
(neutral) pathway, cholesterol is first converted into 7o.-hydroxycho-
lesterol by the rate-limiting enzyme cholesterol 7o-hydroxylase
(CYP7A1) and then CYP27ALl is involved in further steps of side-
chain hydroxylation. In the alternative (acidic) pathway, CYP27A1
directly oxidizes cholesterol into 27-hydroxycholesterol, which is sub-
sequently hydroxylated by other enzymes." Decreased CDCA levels
result in CYP7A1I upregulation, which together with the deficiency
of 27-hydroxylase activity causes accumulation of precursor metabo-
lites including 7o-hydroxy-4-cholesten-3-one (7a.C4), cholestanol,
and bile alcohols."* The xanthomas in CTX consist of tissue deposi-
tions of cholesterol and cholestanol crystals surrounded by foamy
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macrophages and fibroblasts. Apart from tendons, these lesions can
be found in the white matter, especially in the cerebellum, which jus-
tifies the inclusion of CTX in the group of leukodystrophic diseases.'
The mouse model available at the moment is based on a homozygous
truncation of the Cyp27al gene.'® Although it recapitulates key
biochemical traits of the human disease and has been instrumental
for physiopathological studies,'” the elevation of cholestanol is milder
than in most CTX patients.'” This is in part due to the presence of
alternative bile acid biosynthetic routes and stronger detoxification
systems in mice compared with humans.'® As a consequence, no xan-
thomas and no consistent neurological manifestations have been
described in this model. The standard treatment for CTX is oral
CDCA supplementation, which efficiently inhibits CYP7AI expres-
sion and avoids accumulation of cholestanol.'” Although this phar-
macological approach is able to control most clinical manifestations,
some biochemical parameters remain altered.'* In the present study,
we have developed an alternative treatment based on gene supple-
mentation of CYP27A1 in the liver. Extensive preclinical and clinical
studies have demonstrated that adeno-associated virus (AAV) vectors
are safe and efficient for in vivo liver transduction.”” Here, we describe
an AAVS vector expressing the human CYP27A1 coding sequence
under the control of a strong liver-specific promoter. Using the

0
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Figure 1. The EAAT promoter shows stronger activity
than the CYP27A15 UTR in some cell lines and in vivo
(A) Schematic representation of Iuciferase reporter plas-
mids containing the CMV promoter, the hybrid liver-specific
promoter EAAT (albumin enhancer linked to the a1 anti-
trypsin promoter), and the 5 UTR from the human
CYP27A1 gene (C27P). The promoter-less plasmid pGL3-
Basic was used as a negative control. (B) The plasmids
were transfected in the indicated liver-derived cell lines from
human (HuH-7, HepG2, and Hep3B) and mouse (Hepal-6
and AML12) origin. Luciferase activity was measured in cell
extracts obtained 48 h after transfection. The result is ex-
pressed as percentage of activity, considering the CMV
promoter as a reference. (C) The plasmids were injected in
C57BL/6 mice (n = 6) by hydrodynamic injection, and light
emission was quantified by BLI 48 h later. Bars represent
means = SEM for each group. *p < 0.05, Kruskal-Wallis.

Cyp27al knockout mouse model, we have
compared the biological effect of the AAVS-
EAAT-CYP27A1 vector and the standard
CDCA treatment. Whereas both approaches
showed therapeutic effect, we observed different
mechanisms of action. CDCA administration
caused deep inhibition of CypZal expression,
strong reduction of cholestanol, and sup ra-phy-
siological levels of CDCA in plasma. However,
persistent activation of the hepatic enzymes
involved in xenobiotic-induced responses sug-
gests that some toxic metabolites are still present.
By contrast, a single administration of AAVS-
EAAT-CYP27A1 at a clinically feasible dose
achieved restoration of bile acid metabolism together with normaliza-
tion of bile acid pool composition, as suggested by serum bile acid
profile.

RESULTS

An AAV vector equipped with a liver-specific promoter achieves
efficient expression of CYP27A1 in CTX mice

Our therapeutic approach is based on expression of CYP27A1 in the
liver. For the design of the expression cassette, we compared the per-
formance of two different regulatory sequences, depicted in Figure 1A:
(1) a well-established hybrid liver-specific promoter (EAAT)*' and
(2) the endogenous CYP27A1 regulatory sequence comprising 2,024
base pairs (bp) upstream of the translation start site’>*’ (referred
hereinafter as C27P). The purpose was to determine whether the
C27P promoter was suitable for regulation of transgene expression.
Both sequences were first incorporated in luciferase (Luc) reporter
plasmids and transfected into different liver-derived cell lines from
human (HuH-7, HepG2, and Hep3B) and mouse origin (Hepal-6
and AML12). As a reference, we used the reporter plasmid containing
the cytomegalovirus (CMV) promoter. The promoter-less plasmid
pGL3-Basic was used to determine background luciferase activity.
We obtained different results depending on the cell line. Whereas
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Figure 2. Expression of CYP27A1 from AAV vectors
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(A) Schematic representation of vector genomes. ITR, inverted terminal repeat; pA, polyadenylation signal. (B) The AAV8-EAAT-CYP27A1 and AAV8-C27P-CYP27A1
vectors (abbreviated as EAAT and C27P, respectively) were administered intravenously to 7-week-old CTX mice at the indicated doses; 2 weeks later, mice were sacrificed
for quantification of human and mouse CYP27A7 mRNA by gRT-PCR. WT littermates were included as a reference. Data are represented as relative mRNA content, using the
housekeeping gene 36b4 as a reference and multiplied by a factor of 1,000 for easier visualization (WT and CTX controls, n = 10; treated CTX, n = 5). Data include pooled male
and female mice because no difference was observed between the sexes. (C) One portion of liver samples was used to detect the CYP27A1 protein by western blot. Image
shows a representative blot together with quantification of all samples (WT and CTX controls, n = 10; treated CTX, n = 5). Note that the antibody is able to detect both mouse
and human protein using this technique. (D) Immunohistochemistry for detection of CYP27A1 (representative images) and quantification of positive hepatocytes. Bars
represent means + SEM for each group. *p < 0.05; **p < 0.001; ***p < 0.0001. Kruskal-Wallis with Dunn’s post test.

the EAAT promoter was more potent than C27P in HepG2 and HuH-
7 cells, no difference was observed in AML12, and both promoters
showed relatively low activity in Hep3B and Hepal-6 cells (Figure 1B).
In order to obtain more relevant information, we performed in vivo
transfection of plasmids in C57BL/6 mice by means of hydrody-
namics injection. Quantification of light emission by bioluminescence
imaging (BLI) 48 h after injection revealed a strong transcriptional ac-
tivity of the EAAT promoter and a relatively low strength of the C27P
sequence (Figure 1C), as expected based on the abundance of endog-
enous albumin and Cyp27al transcripts (https://gtexportal.org/
home/). Both promoters were used to control the transcription of
the CYP27A1 coding sequence, in the context of an AAV vector
genome, giving rise to the AAV8-EAAT-CYP27A1 and AAVS-

212

C27P-CYP27A1 vectors (Figure 2A). Seven-week-old CTX mice
were treated with intravenous injections of the vectors at doses
ranging from 5 x 10'' to 5 x 10" viral genomes [vg]/kg. Animals
were sacrificed two weeks later, and transgene expression
(CYP27A1) was analyzed by quantitative reverse transcriptase poly-
merase chain reaction (QRT-PCR) in liver extracts. As a reference
for physiological expression, the endogenous mouse Cyp27al
messenger RNA (mRNA) was quantified using primers targeted to
exon 8 (Table 1). As expected, the full-length mouse Cyp27al
mRNA was only detected in wild-type (WT) mice when these primers
were used (Figure 2B). Mice treated with the AAV8-C27P-CYP27A1
vector showed CYP27A1 mRNA levels above background only
when the dose reached 5 x 10'* vg/kg. Even at the highest dose tested
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Table 1. List of primers

Gene Primer Sequence
Human forward  5'-TGTGCTTAAGGAGACTCTGCG-3'
CYP27A1 reverse  5'-ATAGTGGCAGAACACAAACTGG-3
Mouse Cyp27al  forward  5-ACAAGGCTATGTGCTGCACITG-3
exons 1/2 reverse  5'-TGATCCATGTGGTCTCTTATTG-3'
Mouse Cyp27al  forward  5'-ATGGCTGAGGAAGAAAGAGG-¥
exons 8/9 reverse  5-ACACAGTCTTTACTTCTCCCATC-3'
forward  5-GAAGCAATGAAAGCAGCCTC-3'
Mouse Cyp7al
reverse 5-GTAAATGGCATTCCCTCCAG-3'
forward  5-TGAATATGAAACTTGCTCTCACTAAAA-3'
Mouse Cyp3all
Reverse  5-CCTTGTCTGCTTAATTTCAGAGGT-3'
Forward  5-AACAATCTCCCCCTTCTCCTT-3/
Mouse 36b4
Reverse  5-GAAGGCCTTGACCTTTTCAG-3'

(5 x 10" vg/kg), the mRNA content was below the physiological level
detected in WT mice. Although direct comparison of mouse and hu-
man mRNAs is not straightforward using qRT-PCR, these data indi-
cate that the C27P regulatory sequence is weaker than the endogenous
CYP27A1 promoter in its genomic context. By contrast, treatment
with the AAV8-EAAT-CYP27A1 vector obtained a robust expression
of CYP27A1 even at the lowest dose tested (5 x 10" vg/kg, equivalent
to 1 x 10" vg per mouse). A fraction of liver samples was processed
for protein extraction, and western blot was performed in order to
determine CYP27A1 content. Of note, we used an antibody capable
of detecting the mouse and human enzymes, but not the truncated
protein expressed by the CTX mice. The result partially confirms
the strong expression in mice treated with the AAV8-EAAT-
CYP27A1 vector. However, a global increase of CYP27A1 above
WT levels was only observed when the dose of vector was 1.5 x
10"* vg/kg or higher (Figure 2C). In agreement with the gqRT-PCR re-
sults, the AAV8-C27P-CYP27A1 vector only achieved detectable
CYP27A1 protein at the highest dose tested. In order to determine
the percentage of transduced hepatocytes corresponding to these vec-
tor doses, liver samples were processed for immunohistochemistry. In
mice treated with AAV8-EAAT-CYP27A1, hepatocytes overexpress-
ing CYP27A1 could be readily detected, preferentially in the centri-
lobular zone (Figure 2D). We observed that a global increase of
CYP27A1 protein could be obtained when less than 20% of hepato-
cytes overexpress the transgene (1.5 x 10'% vg/kg vector dose). How-
ever, limitations in the sensitivity of the antibody precluded detection
of hepatocytes expressing low levels, which resulted in a misleadingly
low percentage of positive hepatocytes in mice treated with the
AAV8-C27P-CYP27A1 vector. We could not obtain consistent detec-
tion of mouse Cyp27al protein in WT mice using the same antibody
(data not shown). To elucidate the suspected under-estimation of he-
patocyte transduction, a new set of mice were treated with intrave-
nous injections of the AAV8-EAAT-GFP vector, which expresses
the reporter gene GFP under the control of the EAAT promoter.
The high specificity and sensitivity of GFP immunohistochemical
detection allowed confirmation that a dose of 1.5 x 10'? vg/kg vector

transduces approximately 10% of mouse hepatocytes, whereas the
1.5 x 10" vg/kg dose reaches close to 80% (Figure S1A).

The AAV8-EAAT-CYP27A1 vector normalizes cholestanol and
7aC4 levels in CTX mice

In order to assess the biological effect of the CYP27A 1-expressing vec-
tors, blood was collected from CTX mice two weeks after a single
intravenous administration. Analysis of cholestanol and 7aC4
in plasma showed that AAV8-EAAT-CYP27A1 was able to normalize
the metabolite levels at doses equal to or higher than 1.5 x 10'* vg/kg
in female and male mice (Figure 3). The lowest dose of this vector
(5 x 10" vg/kg) achieved only a partial reduction, which was more
evident in the case of 7aC4. The same trend was observed when
the AAV8-C27P-CYP27A1 vector was used at the highest dose
(5 x 10" vg/kg), in line with the relatively low expression of the trans-
gene. The effects of gene therapy were compared with the standard
treatment. To this aim, CTX mice were fed with diets enriched in
CDCA at different percentages (0.1, 0.5, or 1% of chow weight) and
followed for one month. We observed a dose-dependent reduction
of cholestanol and 7a.C4 in plasma (Figure 3). The decrease in choles-
tanol levels was especially intense, reaching values below those of WT
mice at 0.5% CDCA or higher. In fact, we found that the therapeutic
dose in the CTX model was 0.5%, since this dose was required to
achieve a significant reduction of 7aC4 in mice (both male and fe-
male). Increasing the dose to 1% CDCA caused weight loss (Figure S2)
and was not further evaluated.

In order to determine the stability of transgene expression and ther-
apeutic effect, additional groups of CTX mice treated with AAV8-
EAAT-CYP27A1 at 1.5 x 10" or 1.5 x 10" vg/kg were sacrificed
2 weeks and 5 months after treatment. The analysis of liver and blood
samples confirmed sustained transgene expression and correction of
metabolites (Figures 4A and 4B, respectively). The AAV8-EAAT-
CYP27A1 vector was well tolerated in CTX mice, with no elevation
of serum transaminases (Figure 4C) and absence of histopathological
abnormalities in the liver (Figure 4D). Untreated CTX mice showed
higher alanine aminotransferase (ALT) levels compared with WT lit-
termates, but this mild elevation could be related to the presence of
hepatomegaly, as discussed below.

The AAVB-EAAT-CYP27A1 vector restores bile acid metabolism
in CTX mice

After confirming the biological effect of gene therapy and CDCA
treatment on biochemical markers of CTX, we studied the impact
on the expression of key enzymes involved in bile acid metabolism.
To this aim, mRNA was extracted from liver samples collected 2 weeks
after vector administration or 1 month after initiation of the CDCA
treatment. First, we studied the impact of the treatments on the tran-
scriptional control of the endogenous Cyp27al gene. Since CTX mice
present truncation of the gene at the penultimate exon (number 8),'°
we used primers targeting exons 1/2 in order to detect the WT or
truncated transcripts. In contrast with results shown in Figure 2B
(in which primers were designed in exons 8/9), Cyp27al mRNA could
be detected in CTX mice. The transcripts were less abundant than in
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Figure 3. AAVS-EAAT-CYP27A1 and CDCA reduce cholestanol and 7«C4 in CTX mice

(A-D) The AAVB-EAAT-CYP27A1 or AAV8-C27P-CYP27A1 vectors were administered intravenously to 7-week-old CTX mice at the indicated doses. CDCA was mixed in
mouse chow at 0.1, 0.5, or 1%. Blood was collected 2 weeks after vector administration or 1 month after initiation of CDCA diet. The concentrations of cholestanol in (A)
females and (B) males and 7a.C4 in (C) females and (D) males were determined in mouse plasma. Untreated CTX mice and WT littermates were included as a reference (WT,
n=10; CTX, n = 15; treated CTX, n = 5 each sex). Bars represent means + SEM for each group. *p < 0.05; **p < 0.01; ***p < 0.001 versus untreated CTX mice. *p < 0.05;

## < 0.001 versus WT mice. Kruskal-Wallis with Dunn’s post test.

WT littermates, probably because of nonsense-mediated decay. We
observed that supplementation of CP27A1 had no influence on the
transcription of the endogenous gene, whereas CDCA treatment
caused a moderate inhibition (Figure 5A). Quantification of Cyp7al
expression confirmed upregulation of this rate-limiting enzyme in
CTX mice compared with their WT littermates (Figure 5B). The
AAVS-EAAT-CYP27A1 vector demonstrated efficient normalization
of Cyp7al expression even at the lowest dose tested (5 x 10'! vg/kg),
in agreement with the reduction of 7aC4 shown in Figure 3. By
contrast, a high dose of the AAV8-C27P-CYP27Al vector was
completely inefficient. Treatment with 0.5% CDCA caused a drastic
reduction of Cyp7al expression, below physiological levels. Second,
we analyzed expression of the Cyp3all gene, which encodes a key
enzyme in the response to xenobiotics in the liver.”* As previously
described,'® CTX mice showed overexpression of this gene (Fig-
ure 5C), thanks to the activation of the pregnane X receptor (PXR)
pathway. Interestingly, 0.5% CDCA achieved only a slight reduction
of Cyp3all expression, whereas AAV8-EAAT-CYP27A1 completely

normalized mRNA content at all doses. These effects were entirely
dependent on the efficient expression of CYP27A1 from AAVS-
EAAT-CYP27Al1, since an equivalent vector expressing GFP showed
no changes compared with untreated CTX mice (Figure S1B). In
addition, the AAV8-C27P-CYP27A1 vector showed no significant
effect.

Activation of the xenobiotic response pathways produces hepatomeg-
aly in CTX mice.” This alteration was reversed by the AAVS-EAAT-
CYP27A1 vector, but only partially by CDCA at 0.5% (Figure 6A).

The AAV8-EAAT-CYP27A1 vector normalizes bile acid
composition in blood

In order to determine whether gene therapy is able to achieve sus-
tained metabolic correction in CTX mice, the bile acid profile was
analyzed in the blood of animals treated with AAVS8-EAAT-
CYP27A1 for 5 months at 1.5 or 15 x 10'? vg/kg. The optimal
dose of CDCA (0.5% chow weight) was maintained for the same
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Figure 4. AAV8-EAAT-CYP27A1 is well tolerated and achieves sustained therapeutic effect after a single administration

(A-D) The AAVB-EAAT-CYP27A1 vector (EAAT) was administered intravenously to 7-week-old CTX mice at the indicated doses (x 10" vg/kg). (A) Some mice from each
group (n = 4) were sacrificed 15 days after vector administration, and the rest (n = 7) were maintained for 5 months. CYP27A7 mRNA was measured by qRT-PCR in liver
samples. Data are represented as relative mRNA content, using the housekeeping gene 36b4 as a reference and multiplied by a factor of 1,000 for easier visualization. Blood
samples were obtained at the indicated times for measurement of cholestanol and 7«C4 (B) and the transaminase ALT (C). Untreated CTX mice and WT littermates were
included as a reference. Data correspond to equilibrated groups of female and male mice. (D) Representative images of liver histology (hematoxylin and eosin staining) of mice
5 months after initiation of treatment. Symbols represent the mean + SEM for each group.*p < 0.05; ***p < 0.001 versus untreated CTX mice. Kruskal-Wallis with Dunn’s

post test.

period and used for comparison. We observed an increase of primary
and secondary bile acids in mice treated with the vector at both doses
(Figure 7; Table S2), including CDCA. In most cases, the levels were
equivalent to those found in WT littermates. Only the concentrations
of cholic acid (CA), deoxycholic acid (DCA), and their tauroconju-
gates showed a moderate increase compared with WT mice at
1.5 x 10" vg/kg. This tendency was more evident in the high-dose
group and included other species such as tauromuricholic acids
(TMCAs) and taurohyodeoxycholic acid (THDCA). In sharp
contrast, treatment with CDCA caused a drastic increase in this bile
acid and its derivatives (1,000-fold above normal levels, correspond-
ing to 51% of total bile acids versus 2% in WT mice), whereas CA and
derived species were not restored.

DISCUSSION

The progress of AAV vectors is making gene therapy a realistic op-
tion for monogenic diseases involving the liver. However, the clinical
feasibility of this approach still requires careful preclinical evalua-
tion. Apart from the size of the expression cassette (which should
fit into the 4.7 kilobase [kb] capacity of these vectors), one of the
most important parameters is the percentage of transduced hepato-
cytes required to obtain a relevant therapeutic effect. The require-
ment of low percentage of hepatocyte transduction increases the
chances of success using safe doses of the vectors. Typical examples
are diseases in which a functional therapeutic protein can be ex-
pressed from the liver and secreted into the bloodstream, such as

hemophilia.*® In other cases, such as the copper storage disorder
Wilson disease, the protein acts intracellularly, but transduced hepa-
tocytes can act as a sink to eliminate the excess copper.””** Our re-
sults indicate that CTX could fall into the latter category, provided
that the transduced hepatocytes express high enough amounts of
the CYP27A1 cytochrome. Our preclinical results indicate that com-
plete biochemical restoration can be obtained with less than 20% he-
patocytes transduced by the AAV8-EAAT-CYP27A1 vector. This
conclusion is based not only on CYP27A1 immunohistochemistry
(which cannot detect hepatocytes expressing low levels) but also
on indirect comparison with the AAV8-EAAT-GFP vector, which
allows highly specific and sensitive GFP immunodetection. We hy-
pothesize that the excess of the highly permeable 70.C4 metabolite
generated in untransduced hepatocytes can penetrate and be metab-
olized in other cells overexpressing CYP27A1. Still, this “sink effect”
seems to have a limit, since the lowest dose of the AAVS-EAAT-
CYP27A1 vector achieved a global hepatic content of CYP27A1 pro-
tein similar to that of the WT mice, but it obtained only a partial
reduction in cholestanol levels. This indicates that the minimal
threshold of transduced hepatocytes could be close to 10%, at least
in the mouse model. By contrast, the effect of the AAV8-C27P-
CYP27A1 vector was marginal even at the highest dose tested, prob-
ably because the transcriptional activation conferred by the C27P
regulatory sequence was lower than that of the CYP27A1 promoter
in its genomic context. Taking into account the size constraints
imposed by the AAV cloning capacity, increasing the potency of
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Figure 5. AAV8-EAAT-CYP27A1, but not CDCA, normalizes the expression
of Cyp7a1 and Cyp3a11 in CTX mice

The AAVB-EAAT-CYP27A1 or AAV8-C27P-CYP27A1 vectors were administered
intravenously to 7-week-old CTX mice at the indicated doses. CDCA was mixed in
mouse chow at 0.1 or 0.5%. Untreated CTX and WT littermates were included as a
reference. Animals were sacrificed 2 weeks after vector administration, or 1 month
after initiation of CDCA diet, and liver samples were obtained for quantification of
endogenous Cyp27al (A), Cyp7al (B), and Cyp3all (C) expression. Data are
represented as relative mRNA content, using the housekeeping gene 36b4 as a
reference and multiplied by a factor of 1,000 for easier visualization (WT and CTX
control, n=15; EAAT and C27P, n = 5; CDCA, n = 8). Bars represent means + SEM
for each group. *p < 0.05; **p < 0.01; **p < 0.001 versus untreated CTX mice. *p <
0.05; *p < 0.05; **p < 0.001 versus WT mice. Kruskal-Wallis with Dunn’s post test.

this sequence would require the addition of enhancers, similar to the
hybrid EAAT promoter.”' At this moment, we cannot rule out the
possibility that the C27P promoter could be more active in human
hepatocytes than mouse hepatocytes, although our results in cell
lines do not support this hypothesis. In any case, overexpression of
CYP27A1 was well tolerated in CTX mice, suggesting that physiolog-
ical regulation of transgene expression is not an absolute requisite in
this disease. This is another advantageous circumstance in terms of
clinical feasibility. The need for alternative therapies for CTX is
apparently low because the standard treatment based on lifelong
oral administration of CDCA is efficient in controlling cholestanol
levels and ameliorates many clinical manifestations such as chronic
diarrhea and progression of xanthomas.'” However, in this work we
provide evidence that the mechanism of action of gene therapy is
different. CDCA at the therapeutic dose caused a marked accumula-
tion of this bile acid in blood, as observed in CTX patients.zg’30 We
found that Cyp7al expression was virtually abrogated at this dose.
Despite this drastic effect, the xenobiotic response pathway remained
activated in CTX mice, suggesting that the generation of other poten-
tially toxic metabolites was not inhibited. This phenomenon could
only be detected using a mouse model, since the PXR pathway is
not induced in CTX patients.'® Further investigation is needed to
determine whether these metabolites could be responsible for the
progressive neurological deterioration observed in many patients
despite CDCA treatment.'**"** Anecdotal experiences with plasma-
pheresis favor the hypothesis that complete detoxification is not
achieved with CDCA treatment alone.”> According to our preclinical
results, dose escalation would not be an option because it is not well
tolerated. Development of a mouse model with clear neurological
manifestations is needed to assess whether gene therapy is able to
address this important aspect of the disease. Despite the existence
of some differences between mouse and human bile acid metabolism,
we found that Cyp27al™'~ mice are a valuable tool to evaluate
different treatments at the biochemical level. For instance, 0.5%
CDCA was very efficient in reducing cholestanol, but 7aC4 was
not completely normalized, in line with some clinical observations."*
By contrast, gene therapy achieved a parallel reduction of both
metabolites. In summary, we provide evidence that CYP27A1 sup-
plementation using an AAV vector could be a safe and feasible alter-
native for the treatment of CTX, offering the possibility of complete
and stable metabolic correction after a single vector administration.
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The AAVB-EAAT-CYP27A1 vector was administered intravenously to 7-week-old
CTX mice at the indicated doses. CDCA was mixed in mouse chow at 0.1 or 0.5%.
Untreated CTX and WT littermates were included as a reference. Mice were
maintained for 3 months and then they were sacrificed for determination of relative
liver weight, represented as percentage of body weight. Bars represent means +
SEM for each group. *p < 0.05; ***p < 0.001 versus untreated CTX mice. **p < 0.01;
##ih < 0.001 versus WT mice. Kruskal-Wallis with Dunn’s post test.

MATERIALS AND METHODS

Cell culture

HuH-7 (JCRB0403), HepG2 (ATCC HB-8065), Hep3B (ATCC HB-
8064), 293T (ATCC CRL-3216), Hepal-6 (ATCC CRL-1830), and
AML12 (ATCC CRL-2254) cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM)-high glucose (Sigma-Aldrich, St.
Louis, MO) supplemented with 10% fetal bovine serum (FBS; Invitro-
gen, Thermo Fisher Scientific, Carlsbad, CA), 100 U/mL penicillin,
100 pg/mL streptomycin, 2 mM L-glutamine, and 1% non-essential
amino acids (Gibco, Thermo Fisher Scientific, Waltham, MA). The
AMLI12 cell line (ATCC CRL-2254) was maintained in DMEM/F12
medium (Gibco, Thermo Fisher Scientific), supplemented with 10%
FBS, 0.01 mg/mL insulin, 0.005 mg/mL transferrin, 5 ng/mL selenium
(Gibco, Thermo Fisher Scientific), 40 ng/mL dexamethasone, 100 U/
mL penicillin, and 100 pg/mL streptomycin. All cells were maintained
at 37°C in a 5% CO, atmosphere.

Luciferase reporter plasmids

The pGL3-Basic plasmid (Promega, Madison, WTI) is a promoter-less
construct used to determine the background luciferase expression.
The pCMV-Luc and pEalbPalAT-Luc plasmids have been already
described.”’ The EalbPalAT-Luc promoter (hereinafter referred to
as EAAT) is a liver-specific, hybrid regulatory sequence consisting
of the mouse albumin enhancer linked to the human al-antitrypsin
promoter. The pC27P-Luc plasmid contains a regulatory sequence
comprising 2,024 bp upstream of the human CYP27A1 translation
initiation site,”>”” synthetized by GenScript (Piscataway, NJ) and
introduced into the Mlul-Nhel sites of pGL3-Basic.

Transfection and luciferase assays
All cell lines were seeded in 24-well plates at a density of 10 cells per
well; 24 h later, they were transfected with Lipofectamine 2000 (Invi-

trogen, Thermo Fisher Scientific) using 1 pg of plasmid DNA and
2 ng of Lipofectamine per well. Five hours later, medium was re-
freshed and cells were maintained for 48 h before addition of the Pas-
sive Lysis Buffer 5X (Promega, Madison, WI). Luciferase activity was
measured with the Luciferase Reporter Assay System (Promega) in a
Luminat KB 9507 luminometer (Berthold Technologies, Bad Wild-
bad, Germany). Data were normalized by protein content in each
sample (in pg), determined by the Bradford assay (Bio-Rad, Hercules,
CA). Promoter activity is represented as percentage of luciferase ac-
tivity, using the CMV promoter as a reference.

AAV vectors

AAV-EAAT-CYP27A1 and AAV-C27P-CYP27A1 are AAV8 vectors
containing the CYP27A1 complementary DNA (cDNA) under the
control of the EAAT or CYP27AI promoters, respectively. For
the construction of the AAV-EAAT-CYP27A1 genome (pAAV-
EAAT-CYP27A1 plasmid), the CYP27A1 coding sequence (NCBI
ID: CCDS2423.1) was synthetized by GenScript (Leiden, the
Netherlands). This DNA fragment was introduced using Nhel and
Xbal sites into a plasmid containing the EAAT promoter and a poly-
adenylation site, flanked by inverted terminal repeats (ITRs) from
AAV?2. The pAAV-EAAT-Luc plasmid contains the Firefly luciferase
under the control of the EAAT promoter. For construction of the
pAAV-C27P-CYP27A1 plasmid, the CYP27A1 promoter was excised
from the pC27P-Luc plasmid using Mlul and Nhel sites and intro-
duced into the same sites of pAAV-EAAT-CYP27A1, thus replacing
the EAAT promoter. For viral particle (VP) production, the plasmids
were transfected together with the pDP8-ape helper plasmid (Plasmid
Factory, Bielefeld, Germany) in 293T cells, using polyethyleneimine
(Polysciences, Warrington, PA). Three days later, culture media
and cells were separated by centrifugation. VPs were extracted from
the cell pellet by addition of lysis buffer (50 mM Tris-Cl, 150 mM
NaCl, 2 mM MgCl,, and 0.1% Triton X-100) and 3 cycles of freezing
and thawing (—80°C). VPs in the culture media were precipitated us-
ing polyethylene glycol solution (PEG8000, 8% [v/v] final concentra-
tion, Sigma-Aldrich) for 48-72 h at 4°C and further centrifugation at
1,378 x g for 15 min. The pellet was resuspended in lysis buffer and
kept at —80°C. VPs obtained from culture medium and cell lysates
were purified by ultracentrifugation at 350,000 x g during 2.5 h in
a 15%-57% iodixanol gradient. Finally, the purified viruses were
concentrated using Amicon Ultra Centrifugal Filters-Ultracel 100K
(Millipore, Burlington, MA). Quantification of AAV vectors was per-
formed by qPCR. To this end, VPs were treated with DNase and then
viral genomes were extracted using the High Pure Viral Nucleic Acid
Kit (Roche, Indianapolis, IN). Primers are listed in Table 1.

Animals and husbandry

A mouse strain with truncation of Cyp27al exon 8 was obtained from
The Jackson Laboratory (Bar Harbor, ME) (B6.129-Cyp27al1"™ /],
reference [ref.] 009106).'° Mice homozygous for this mutation
(referred hereinafter to as Cyp27a17/ ~ or CTX mice) were main-
tained in a C57BL6/J background by crossing heterozygous individ-
uals. The offspring was genotyped after weaning as indicated by the
repository.
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Animals were group housed, up to 6 animals per cage (male or fe-
male), provided with food and water ad libitum, and maintained
with a 12 h light-dark cycle. The average age for initiation of studies
was 7 weeks. AAV vectors were administered intravenously by retro-
orbital injection in a final volume of 150 pL of saline solution. CDCA
(Sigma-Aldrich, ref. C9377-25G) was supplemented in standard
chow at 0.1, 0.5, and 1 g CDCA/100 g of chow (0.1, 0.5, and 1.0%
CDCA diets, respectively). Blood was collected by submandibular
venous puncture using 1.3 mL ethylenediaminetetraacetic acid
(EDTA) tubes (Sarstedt, Nimbrecht, Germany), except for end-
time points/terminal procedures, in which cardiac puncture was per-
formed in anesthetized mice. Once animals were euthanized, liver
samples were collected for histological and gene expression analyses.

All procedures were performed and approved by the ethical Commit-
tee of the Universidad de Navarra, according to the Spanish Royal De-
cree 53/2013.

Hydrodynamic injection and BLI

For in vivo liver transfection, 20 pg of reporter plasmids diluted in
1.8 mL of saline was injected as a bolus through the lateral tail
vein.”' Luciferase activity was determined 48 h later by BLL To this
end, mice were briefly anesthetized with an injection of a ketamine/
xylazine mixture (80:10 mg/kg, intraperitoneally [i.p.]). The substrate
D-luciferin (REGIS Technologies, Morton Grove, IL) was adminis-
tered ip. (100 pL of a 30 pg/uL solution in PBS). Light emission
was detected 5, 20, and 30 min later using a PhotonImager Optima
apparatus (BioSpace Lab, Nesles-la-Vallée, France). Data were
analyzed using the M3Vision software (BioSpace Lab), representing
the maximal value obtained for each animal.

Biochemical analyses in plasma

Blood was centrifuged at 10,000 x g for 5 min at room temperature.
Plasma was treated with 20 uM butylhydroxytoluene (Sigma-Aldrich)
in a N, atmosphere to protect from oxidation before storage at —80°C
in opaque tubes. Sterol extractions were performed using 100 pL of
plasma for quantification of cholestanol and 7aC4 concentrations by
high-performance liquid chromatography tandem mass spectrometry
(HPLC-MS/MS) as previously described.”* Bile acid profiling in serum
was carried out after acetonitrile precipitation/extraction,” using an
adaptation’® of a previously described method for bile acid measure-
ment by HPLC-MS/MS” on a 6420 Triple Quad liquid chromatog-
raphy (LC)-MS device (Agilent Technologies, Santa Clara, CA).*®
ALT was quantified in 40 pL plasma samples using a Cobas C311 auto-
mated chemistry analyzer (Roche Diagnostics, Basel, Switzerland).

qPCR

RNA was extracted from frozen liver samples using the Maxwell 16
LEV simplyRNA Cells Kit (Promega) following the manufacturer’s
recommendations. Two micrograms of RNA, treated with DNase I,
was retro-transcribed using Moloney Murine Leukemia Virus
(M-MLV) retro-transcriptase (Invitrogen) and random primers
(Life Technologies, Thermo). cDNA was amplified, and relative
gene expression was determined by qPCR using iQTM SYBR Green
Supermix reagent (Bio-Rad) in CFX96 Touch Real-Time PCR Detec-
tion System (Bio-Rad). Table 1 contains the sequence of primers
specific for the transgene (CYP27A1) and the mouse genes Cyp7al,
Cyp3all, Cyp27al (exons 1/2), Cyp27al (exons 8/9), and 36b4
(used as a housekeeping gene).

Delta cycle threshold (ACt) values using 36b4 mRNA levels as refer-
ence gene were corrected with the efficiency of amplification of each
pair of primers and multiplied by 1,000 to facilitate graphical
representation.

Western blot

Total proteins were isolated from liver samples using Radio-Immuno-
precipitation Assay (RIPA) buffer (200 mM NaCl, 100 mM HEPES,
10% glycerol, 200 mM NaF, 2 mM Na,P,0,, 5 mM EDTA, 1 mM
EGTA, 2 mM DTT [Invitrogen], 0.5 mM phenylmethanesulfonyl-
fluoride [PMSF], 1 mM Na3zVO,, and Complete Protease Inhibitor
Cocktail [Roche]). Twenty micrograms of total protein extracts was
boiled for 1 min and electrophoresed on a 10% polyacrylamide gel.
Transfer to nitrocellulose membranes was performed at 340 mA cur-
rent intensity for 3 h at 4°C. Next, membranes were incubated for 1 h
at room temperature in blocking solution (5% BSA in Tris-buffered
saline [TBS]-Tween) followed by overnight incubation at 4°C with
primary antibodies diluted in 1% BSA, 0.05% Tween 20, and 0.5%
sodium azide in TBS. Primary antibodies are anti-CYP27al (Abcam,
Cambridge, UK, catalog [cat.] no. EPR7529, cat. no. abl26785;
1:1,000) and anti-glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) (Cell Signaling Technology, Danvers, MA; 1:5,000). After
washing with 0.1% Tween 20 in TBS, membranes were incubated for
1 h with anti-rabbit immunoglobulin G (IgG) horseradish peroxidase
(HRP) conjugate secondary antibody (GE Healthcare, Chicago, IL,
cat. no. NA934V; 1:10,000). Images were acquired with a ChemiDoc
system (Bio-Rad), and Image Lab software (Bio-Rad) was used for
quantification. See Table S1 for a list of antibodies used in this study.

Immunohistochemistry
For detection of CYP27A1 in hepatocytes, 3 pm thick sections cut
from liver samples fixed in 4% paraformaldehyde and embedded in

Figure 7. AAVB-EAAT-CYP27A1, but not CDCA, normalizes bile acid composition in blood of CTX mice

The AAV8-EAAT-CYP27A1 vector was administered intravenously to 7-week-old CTX mice at the indicated doses (x 10'2 vg/kg). CDCA was mixed in mouse chow at 0.5%.
Untreated CTX and WT littermates were included as a reference. Blood was collected 5 months after the initiation of treatment, and the main free bile acids and taur-
oconjugates were analyzed in plasma. Bars represent means + SEM for each group. *p < 0.05; **p < 0.01; **p < 0.001. Kruskal-Wallis with Dunn’s post test. aMCA,
a-muricholic acid; bMCA, B-muricholic acid; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; HDCA, hyodeoxycholic acid; LCA, lithocholic acid;
TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; THDCA, taurohyodeoxycholic acid; TLCA, taurolithocholic acid; TMCA, taur-

omuricholic acid; TUDCA, tauroursodeoxycholic acid; UDCA, ursodeoxycholic acid.
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paraffin were deparaffinized with xylene; hydrated with decreasing
concentrations of ethanol; and incubated with 3% hydrogen peroxide
to block endogenous peroxidase. Antigen retrieval was performed by
heating in 10 mM citrate buffer (pH 6) or 10 mM Tris-EDTA buffer
for 20 min before incubation with antibody for CYP27A1 (Abcam,
Cambridge, UK, cat. no. ab126785; 1:250) and pB-catenin (Cell
Signaling Technology, Danvers, MA, cat. no. 8480; 1:250), respec-
tively. HRP-conjugated Envision secondary antibody (K4003, Dako,
Glostrup, Denmark) followed by diaminobenzidine (DAB) reagent
(K3468, Dako) were applied for the detection procedure. Tissue
sections were counterstained with hematoxylin (Sigma-Aldrich)
and dehydrated. Negative controls were included omitting primary
antibodies. Quantification of hepatocytes overexpressing the protein
was performed in 5 fields per mouse (311 x 311 um) using Image]
software (NIH, Bethesda, MD).

Statistical analysis

Prism software (GraphPad) was used for analysis. Datasets following
normal distribution (D’Agostino and Pearson normality test) were
compared using one-way ANOVA with Sidak’s multiple comparisons
tests. Otherwise, groups were compared using Kruskal-Wallis with
Dunn’s post test.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.0mtm.2021.07.002.
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