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Hereditary spastic paraplegia type 5 (SPG5) is an autosomal 

recessive neurological disorder caused by mutations in the 

CYP7B1 gene, which encodes cholesterol 7α-hydroxylase, an 

essential enzyme in cholesterol metabolism. These mutations 

lead to elevated levels of 25- and 27-hydroxycholesterol, oxy-

sterols known to be neurotoxic and blood-brain-barrier 

permeable. Their accumulation contributes significantly to 

SPG5 pathogenesis, resulting in spastic gait disturbance and 

severely impaired quality of life. Using a Cyp7b1−/− mouse 

model that mirrors the metabolic phenotype of SPG5, we 

developed a gene therapy approach to correct oxysterol imbal-

ance. We designed an AAV8-TTR-hCYP7B1 vector to deliver 

the CYP7B1 gene specifically to the liver. Following intrave-

nous administration, oxysterol levels in blood and liver were 

rapidly normalized, even at low doses (1E10), with no observed 

toxicity at the highest tested dose (1E11). Despite these 

promising peripheral results, oxysterol levels in the brain, 

particularly 27-hydroxycholesterol, remained only partially 

corrected six weeks post-treatment. Our findings suggest 

that while liver-targeted gene therapy is effective at restoring 

peripheral cholesterol metabolism, a successful therapeutic 

strategy for SPG5 must also address central nervous system 

involvement. We conclude that successful treatment of SPG5 

would require a novel gene therapeutic approach that also tar-

gets the CNS.

INTRODUCTION
The term hereditary spastic paraplegia (HSP) refers to a large group 
of inherited motor neuron disorders sharing the clinical hallmark of 
progressive spastic gait disturbance leading to increasing immobility 
and disability. HSP is primarily characterized by degeneration of the 
corticospinal tracts in the spinal cord and affects axons of upper mo-
tor neurons in a length-dependent manner.1 Genetically, HSP is 
highly diverse with so far more than 80 distinct genetic loci mapped 
to the disease and, more than 50 genes identified spanning all modes 
of inheritance.1,2 Affected genes are involved in a wide range of 
cellular functions including microtubule dynamics (as in spastic 
paraplegia type 4 [SPG4]), cellular trafficking (e.g., in SPG10, 

SPG30, and SPG58), and endoplasmic reticulum (ER) membrane 
shaping (e.g., in SPG3 and SPG31).3–5

SPG5 is an autosomal recessive form of HSP with onset in most cases 
during adolescence (median age of onset: 13 years, range 1–63).6 Pa-
tients suffer from a progressive spastic gait disorder accompanied by 
afferent ataxia due to sensory deficits prominent in the legs reflecting 
a predominant involvement of the corticospinal tract and dorsal col-
umns to/from the lower limbs.7 SPG5 is caused by bi-allelic loss-of- 
function mutations in CYP7B1, which encodes the monooxygenase 
cholesterol 7α-hydroxylase.8 This cytochrome P450 enzyme is 
involved in cholesterol metabolism and essential for the so-called 
alternative bile acid synthesis pathway.9 While bile acids can still 
be synthesized from cholesterol via the so-called primary pathway 
in the SPG5 situation, the lack of CYP7B1 enzyme activity leads to 
an accumulation of its substrates 25-hydroxycholesterol (25-HC) 
and 27-hydroxycholesterol (27-HC), which are formed in the alter-
native pathway. Accordingly, 25-HC is increased up to 100-fold 
and 27-HC up to 6-fold in the blood of SPG5 patients.6,10,11 As 
25-HC and 27-HC are side-chain oxidized metabolites of cholesterol 
that can cross the blood-brain barrier,12–14 the enhanced levels in 
serum are regarded the cause of elevated concentrations in the cere-
brospinal fluid (CSF) of SPG5 patients.11 This is of particular impor-
tance as hydroxylated cholesterol metabolites have been shown to be 
neurotoxic and to promote neurodegeneration at concentrations 
that are close to those found in SPG5 patients.6,15,16

The mechanism by which elevated oxysterol levels rather selectively 
affect the corticospinal tract and posterior column in SPG5 is not 
fully elucidated. High levels of oxysterols in the brain may lead to 
increased incorporation of these abnormal cholesterol metabolites 
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into lipid membranes. Since the axons of the corticospinal tract to 
the legs and the dorsal column fibers from the leg are the longest 
axons in the human body, the effect of an altered lipid composition 
of membranes may accumulate in these tracts and may explain their 
predominant affection.

This led to the hypothesis that lowering 25-HC and 27-HC in the 
CNS of SPG5 patients may help to slow down or even halt disease 
progression in SPG5. In a pilot study, we aimed to reduce the levels 
of 25-HC and 27-HC in SPG5 patients by lowering cholesterol using 
statins. In a randomized controlled trial, atorvastatin (40 mg/day) 
reduced blood 25-HC levels by about 20% and 27-HC levels by about 
30% after 9 weeks. However, the translation of this treatment effect 
into the CSF was limited.6 Even after more intensive cholesterol- 
lowering treatment with a combination of statins and ezetimibe, oxy-
sterol levels remained much higher than in controls or asymptomatic 
heterozygous CYP7B1 mutation carriers.6,17,18 Given the large 
gradient between blood and CSF levels of 25-HC and 27-HC in 
SPG5 patients, a much more efficient reduction of oxysterols is likely 
required to prevent significant diffusion of 25-HC and 27-HC into 
the brain.

To this end, we established an mRNA-based enzyme replacement 
therapy. In a Cyp7b1−/− mouse model19 with metabolic alterations 
similar to those of SPG5 patients. Intravenous administration of hu-
man CYP7B1 mRNA-LNP complexes restored liver enzyme activity 
and strongly reduced blood oxysterol levels. This also helped to 
partially reduce 25-HC levels in the brain, but cerebral levels of 
27-HC remained unchanged.20 A major drawback of this approach 
is the limited duration of the therapeutic effect due to the short 
half-life of CYP7B1 mRNA and protein. To overcome the limitation 
of weekly injections and to ensure a long-lasting expression of 
CYP7B1, the present study used a viral vector-mediated gene delivery 
approach.

Gene therapy using adeno-associated viral (AAV) vectors has made 
breakthroughs in the last decade, successfully targeting devastating 
diseases such as spinal muscular atrophy21 or hemophilia B.22 Several 
clinical trials have proven AAV vectors to be an efficient and, most 
importantly, safe tool to deliver a functional copy of a defective gene 
to different organs, including the liver (reviewed in a study by Junge 
et al., 2015).23 AAV serotype 8 (AAV8) has been successfully used 
for liver-directed gene transfer and has shown efficacy in clinical trials 
for metabolic diseases (NCT03517085 and NCT02991144).24

Although CYP7B1 is expressed in many tissues, with the highest 
levels in the brain, we focused on a treatment specific for the liver, 
because it is the primary source of neurotoxic oxysterols in 
SPG5.12–14 Liver-directed gene therapy has already been applied in 
humans and demonstrated to be both safe and effective, whereas 
brain-targeted gene therapies are still mostly in early stages of devel-
opment. Consequently, a liver-directed strategy is proposed as a 
more efficient and pragmatic approach for the treatment of patients 
with SPG5. In this study, we evaluated the potential of liver-directed 

gene therapy for SPG5 using a preclinical mouse model. The human 
CYP7B1 gene was delivered under the control of the liver-specific 
transthyretin minimal promoter (TTRmin) via AAV8. Treatment re-
sulted in a rapid and highly significant reduction of oxysterol bio-
markers in liver and serum. The effect was sustained until the end 
of the study, without decay, without side effects or apparent toxicity, 
and without the need for repeated injections, but was only partially 
transmitted to the brain.

RESULTS
In vitro validation of hCYP7B1 construct for AAV vector delivery

In order to test the expression of the generated constructs, the plas-
mids containing either untagged hCYP7B1 or hCYP7B1-Myc-FLAG 
under the control of the TTRmin promoter were transfected to 
HepG2 hepatoma cells. GFP-transfected cells served as controls. At 
24 h post-transfection, cells appeared healthy and were either har-
vested for RNA/protein isolation or fixed for immunostaining 
(Figure 1A). Quantitative PCR showed a 10,000-fold upregulation of 
CYP7B1 expression compared to the GFP control, with no obvious 
difference between the unmodified and the FLAG-tagged construct 
(Figure 1B). This was confirmed on protein level by western blot, 
which showed a distinct band at approximately 56 kDa in all samples. 
While the signal in the TTR-hCYP7B1 and TTR-hCYP7B1-FLAG 
condition exceeded that of the GFP control (Figure 1C), this was 
not reflected in the very strong effect observed in qPCR. This can be 
attributed to a relatively short time (24 h) following transfection dur-
ing which RNA is translated to protein. Immunostaining of fixed cells 
against the FLAG tag further confirmed the expression of hCYP7B1 
and also the correct subcellular localization in the ER with a strong 
signal around the nucleus co-localizing with the ER marker 
CLIMP63 (Figure 1D). The specificity of the anti-FLAG staining 
was confirmed using a non-transfected control (Figure S1C). For 
in vivo experiments, only the untagged hCYP7B1 construct was used.

Administration of AAV8-TTR-hCYP7B1 significantly reduces 

oxysterols in serum of CYP7B1–/– mice

To prove the functionality of the generated constructs, Cy-

p7b1−/−mice received intravenous administration of different vec-
tor-formulations and dosages. Each experimental group consisted 
of three male and three female animals to account for sex differences 
in sterol metabolism. Mice received either one of three doses of the 
AAV8-TTR-hCYP7B1 formulation (1E10, 5E10, and 1E11 vg/ani-
mal) or the AAV8-TTR-GFP control vector (5E10 vg/animal). In 
addition, two untreated control groups (Cyp7b1−/− and wild-type 
Cyp7b1+/+ [WT]) were included in the study as reference for oxy-
sterol levels and potential toxicity. Blood samples were collected 
from all animals seven days prior to viral injection and pooled by 
group and sex for baseline assessment. An overview of the timeline 
is shown in (Figure 2A). At baseline, levels of 25- and 27-HC were 
significantly elevated, whereas 24-HC levels were unchanged in 
Cyp7b1−/− mice compared to WT controls (Figure 2B).

Overall, the injection was well tolerated. No acute toxicity was 
observed after injection in any of the experimental groups. The 
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animals behaved normally and the injection sites showed no signs of 
infection or immune response.

Additionally, aminotransferase (aspartate transaminase [AST]/ 
alanine transaminase [ALT]) serum levels were not elevated with 
any virus dose at the study endpoint. Mean AST values for WT, 
knockout (KO), and vehicle-treated groups were 62.2 ± 42.4, 
87.5 ± 34.9, and 70.8 ± 30.0 U/L, respectively, while in the three 
treated groups it was 79.3 ± 17.0, 81.8 ± 17.9, and 73.0 ± 23.9 U/L 
for 1E10, 5E10, and 1E11 vg/animal. For ALT mean control levels 
were 26.4 ± 3.4, 33.7 ± 15.7, and 27.3 ± 4.9 U/L (WT, KO, and 
vehicle) and in treated groups 37.0 ± 12.6, 33.2 ± 5.9, and 31 ± 

6.2 U/L (1E10, 5E10, and 1E11 vg/animal) (Figure 2C). These values 
indicate a good safety profile of the designed vector and no apparent 
hepatotoxicity.

Mice were sacrificed for further analyses of potential toxic and ther-
apeutic effects six weeks after vector application. Blood and organs 
were collected from each animal for further analyses.

Efficient liver expression of CYP7B1 in Cyp7b1–/– mice after 

intravenous administration of AAV8-TTR-hCYP7B1

The transduction efficiency of AAV-TTR-hCYP7B1 in the liver 
was assessed by immunohistochemistry (IHC), qPCR, and 
western blot. IHC showed widespread expression of CYP7B1 

exceeding the WT levels already in the lowest vector dose with 
increasing expression in the intermediate and high doses. These 
results were confirmed by qPCR where the human CYP7B1 
mRNA could not be detected in control groups, but were ex-
pressed similar to the housekeeping gene Actb in the lowest 
dosage (ΔCt 0.10 ± 0.97). In the highest dose group of AAV- 
TTR-hCYP7B1 administered animals, the human CYP7B1 expres-
sion exceeded Actb by almost 3.5-fold (ΔCt 3.45 ± 0.29). On pro-
tein level, the endogenous expression of murine Cyp7b1 could be 
detected in WT but not in PBS or vehicle injected Cyp7b1−/− an-
imals. Even with the lowest vector dose, human CYP7B1 expres-
sion exceeded WT expression levels in the liver, whereas the 
higher dosages led to oversaturation of the membrane with 
CYP7B1 protein. (Figures 3A–3C). Taken together, a highly effec-
tive and dose-dependent expression of the target transgene in the 
liver of AAV8-TTR-hCYP7B1 injected animals could be validated 
on transcript and protein level. As a metabolic effect, 25-HC and 
27-HC levels in the liver were significantly reduced after treat-
ment. Levels of 25-HC in liver homogenate were no longer 
different between WT controls and KO animals after treatment 
in all three dose groups (Figure 3D). Similarly, 27-HC levels 
were close to WT levels after treatment, especially in the medium- 
and high-dose group (Figure 3D). In liver tissue, a slight but sig-
nificant reduction of the cerebral metabolite 24-HC was observed 
in the two higher dose groups of AAV8-TTR-hCYP7B1 compared 

Figure 1. In vitro validation of generated constructs 

(A) Overview of in vitro experiments. (B) Gene expression of CYP7B1 in HepG2 cells after transfection with plasmids for GFP (control), hCYP7B1, and CYP7B1-FLAG 

assessed by qPCR. CYP7B1 expression after transfection with the respective plasmids is upregulated 10,000-fold compared to untreated and GFP controls. (C) West-

ern blot analysis confirms strong expression of CYP7B1 (VCL, vinculin, loading control). (D) Immunofluorescence of HepG2 cells fixed 24 h after transfection with the 

CYP7B1-FLAG construct, stained against the FLAG tag, the ER marker CLIMP63, and DNA (scale bars, 20 μm).

www.moleculartherapy.org 

Molecular Therapy: Methods & Clinical Development Vol. 33 September 2025 3 



to the vehicle-treated group (27.7 ± 1.7 ng/mg CHOL in the high-
est dosage compared to 42.9 ± 5.3 ng/mg CHOL in the vehicle 
group).

CYP7B1 expression leads to normalization of serum oxysterol 

levels

Treatment effects in the liver transferred well into blood. After viral 
injection, oxysterol levels in blood declined rapidly in groups receiving 
the AAV8-TTR-hsCYP7B1 construct, but not in the GFP vehicle or 
PBS groups. Two days after virus administration, the mean serum 
concentration of 25-HC was reduced close to WT levels with all three 
vector concentrations (12.3 ± 8.2 ng/mg CHOL in the highest dose 
group compared to 179.4 ± 40.8 ng/mg CHOL in the vehicle group 
and undetectable levels in WT animals). The mean serum concentra-
tion of 27-HC was also massively reduced and reached levels close to 
WT animals after treatment with the middle and the high vector con-
centration (83.8 ± 18.9 ng/mg CHOL in the highest dose compared to 
158.3 ± 44.1 ng/mg CHOL in the vehicle group and 42.1 ± 6.2 ng/mg 
CHOL in WT animals). No relevant change has been observed in 
serum levels of 24-HC upon treatment (Figure 4A).

The marked reduction in serum 25-HC and 27-HC observed two 
days post-injection persisted until the endpoint of this study six 

weeks after injection. 25-HC was substantially reduced to WT levels 
in the medium and high dose group (1.8 ± 4.5 ng/mg CHOL in the 
highest dose group compared to 213.2 ± 78.5 ng/mg CHOL in the 
vehicle group and 0.6 ± 1.5 ng/mg CHOL in the WT controls). Simi-
larly, 27-HC was reduced to near normal levels in the medium and 
high dose groups (52.7 ± 13.1 ng/mg CHOL in highest dose group 
compared to 186.0 ± 13.1 ng/mg CHOL in the vehicle group and 
50.0 ± 10.1 ng/mg CHOL in WT controls). Again, 24-HC remained 
unchanged (Figure 4B). No sex-specific differences in oxysterol 
reduction were observed.

In summary, the differences between vehicle and treatment groups 
were highly significant at all virus doses for both oxysterol bio-
markers (25-HC and 27-HC) with no effect on the cerebral 
metabolite 24-HC. Compared to WT levels, only the lowest dose 
of AAV8-TTR-hCYP7B1 did not normalize the serum levels entirely, 
indicating the lower limit of the therapeutic dose for an effective 
treatment (Figure 4B).

Systemic reduction of oxysterols in liver and serum only partially 

translated to the brain

In the brain, the effects of AAV8-TTR-hCYP7B1 treatment on oxy-
sterol levels were clearly different from those in the blood and liver. 

Figure 2. Study design, baseline serum oxysterol levels, and liver toxicity marker 

(A) Timeline of animal experiments. Serum was sampled for baseline oxysterol profiling (d0, age between 5 and 6 months) one week before vector administration (day 7) and 

subsequent blood sampling shortly after treatment (d9) and at study endpoint (d49). (B) Baseline serum levels of oxysterols in WT and KO animals before the study. The 

biomarkers 25- and 27 HC are significantly elevated in KO animals recapitulating the metabolic phenotype of SPG5 whereas the cerebral metabolite 24-HC remains un-

changed (C) Serum AST/ALT levels of animals at the endpoint (D49). No elevation of liver aminotransferases above untreated conditions was observed. Gray background 

represents range of PBS-treated KO animals.
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The rapid and pronounced decrease of oxysterols in liver and blood 
only partially translated to the brain (Figure 5). Brain levels of 25-HC 
declined by 25% but did not reach WT levels (123.3 ± 8.2 ng/mg 
CHOL in the highest vector dose compared to 157.3 ± 11.9 ng/mg 
CHOL in the vehicle group and 0.1 ± 0.4 ng/mg CHOL in WT 
group). No significant changes were observed for 27-HC at any of 
the vector doses. 24-HC levels remained unchanged except for the 
highest vector dose, where a slight but significant increase was 
observed (2665.0 ± 273.9 ng/mg CHOL in the highest vector dose 
compared to 2258.0 ± 104.3 ng/mg CHOL in the vehicle group 
and 2471.0 ± 163.2 ng/mL CHOL in the WT group) (Figure 5A).

DISCUSSION
This study demonstrates an efficient, long-lasting correction of key 
metabolic abnormalities in the liver and blood of Cyp7b1−/− mice 
by a single intravenous delivery of a human CYP7B1 gene copy via 
an AAV8 vector with no evidence of relevant hepatotoxicity or other 
side effects. The limited reduction of oxysterols in the brain is some-
what surprising and requires further investigation.

Under physiological conditions, it has been shown that the majority 
of 25-HC and 27-HC enters the brain from the periphery.13 With 
elevated serum levels of oxysterols in SPG5, their diffusion or uptake 
across the blood-brain barrier is likely to be further enhanced. This 
opens a window for a peripheral/hepatic treatment to modify key 
metabolic abnormalities in the brain. Since gene replacement in 
the liver is well established and much easier than in the brain, we 
aimed for a primary hepatic treatment using an AAV8 vector, which 
is known to efficiently transduce the liver in both mice and humans. 
AAV8 has been successfully used in gene therapy trials for metabolic 
diseases (NCT03517085 and NCT02991144) and bleeding disorders 
in humans.22,24 The use of this approved AAV serotype promised to 
facilitate overcoming the regulatory hurdles of translation and estab-
lish a first curative therapy for HSP type 5.

Liver transduction with an AAV8-TTR-hCYP7B1 vector resulted in 
the expression of functional CYP7B1 protein exceeding the WT 
levels even at the lowest dose. Despite the high expression, no acute 
adverse events were observed and aminotransferases as indicators of 
liver damage remained within the range of untreated KO animals, 
suggesting a good safety profile of the treatment. After administra-
tion, the newly expressed hCYP7B1 protein rapidly metabolized 
the accumulated oxysterols in blood and liver and largely normalized 
serum concentrations of 25- and 27-HC within two days of vector 
administration. This indicates rapid expression and high activity of 

the enzyme soon after injection. The slightly less pronounced effect 
on 27-HC concentrations compared to 25-HC may be explained by 
the substrate preference of CYP7B1 for 25- over 27-HC25 or a longer 
half-life of 27-HC. The effect in serum persisted to the endpoint of 
the study and concentrations of 25- and 27-HC were also normalized 
in liver tissue, the main source of these oxysterols.13

Although the AAV8-TTR-hCYP7B1 vector reduced blood 25-HC 
and 27-HC levels to near WT levels, somewhat unexpected, this 
normalization in the periphery had only a limited effect on brain 
oxysterol levels, despite previous findings that most of 25-HC and 
27-HC in the CNS originate from the periphery.12–14 We observed 
a similar result in our previous mRNA study that aimed for an 
mRNA-based enzyme replacement in the liver.20 In this approach, 
we attributed the lack of effect in the CNS to the short treatment ef-
fect due to the short half-life of the mRNA and CYP7B1 protein, 
which required frequent re-administration of mRNA. While treat-
ment in the previous study was limited to 17 days, our AAV8-medi-
ated enzyme replacement study lasted six weeks. However, even this 
treatment period may have been too short. The half-life of oxysterols 
in the CNS is unknown, but may well be significantly prolonged by 
their incorporation into membranes. In the case of SPG5, oxysterols 
may alter the architecture and stability of membranes due to their 
polar side chain.26 This may lead to disruption and impairment espe-
cially of the longest axonal structures such as the corticospinal tracts 
to the legs.

An alternative explanation for the limited translation of the periph-
eral normalization of oxysterol levels to the brain could be an 
autochthonous synthesis of oxysterols in the CNS. Indeed, sterol 
27-hydroxylase, the major enzyme that catalyzes the hydroxylation 
of cholesterol at position C27, is substantially expressed in the brain 
where it is involved in the breakdown of the cerebral oxysterol 
24-HC.27 Although the majority of 27-HC in the brain originates 
from the periphery,12–14 this limited autochthonous synthesis 
may be sufficient to maintain elevated levels in the case of defective 
degradation, as in SPG5 patients and Cyp7b1−/− mice, which lack 
the key enzyme for its metabolism. Alternatively, the limited 
amounts of 25-HC and 27-HC that enter the brain under physio-
logical conditions despite low levels in blood may accumulate in 
the brain in SPG5 as no degradation can take place without 
CYP7B1 in the CNS. In this case, even permanent normalization 
of oxysterols in the periphery would not help to normalize CNS 
levels, but would require restoration of CYP7B1 activity in the 
brain.

Figure 3. Liver transduction efficacy and liver oxysterol levels 

(A) Immunohistochemistry of liver sections against CYP7B1 from wild-type (WT) animals, Cyp7B1−/− animals injected with different doses of AAV8-TTR-hCYP7B1, AAV8- 

TTR-eGFP (vehicle), and untreated KO animals (KO). (B) mRNA levels of human CYP7B1 and endogenous murine Cyp7b1 for the six experimental groups normalized to Eif2α 

and Actβ. Strong expression of human CYP7B1 is observed with all doses of AAV-TTR-hCYP7B1. (C) Western blot of liver homogenates (VCL, vinculin, loading control). 

CYP7B1 expression in all groups receiving AAV-TTR-CYP7B1 injections exceeded WT expression and highest doses led to oversaturation of the membrane, while untreated 

and vehicle-injected KO animals show no signal for CYP7B1. (D) Liver oxysterol levels at the endpoint of the study (D49). Both 25-HC and 27-HC were significantly reduced 

compared to the GFP vehicle-treated group. Levels of the cerebral metabolite 24-HC decreased slightly but remained within the range of WT animals. *p < 0.05; **p < 0.01; 

***p < 0.001; and ****p < 0.0001.
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This finding is particularly important when considering liver trans-
plantation as a potential treatment option for CYP7B1 deficiency. In 
some young patients, CYP7B1 mutations cause severe neonatal liver 
failure.28 In this desperate situation, allogenic liver transplantation 
has been performed to avert the life-threatening condition.29,30 Un-
fortunately, no data are available on the long-term outcome of the 
patients who have undergone liver transplantation. Personal in-
quiries to the authors of the liver transplant studies have not been 
successful. The oldest patient would now be well into his teens, 
and at an age when SPG5 typically becomes symptomatic. It would 
be of great interest to know his neurological status and his oxysterol 
levels in CSF. Based on the data from our study, even the highly inva-
sive procedure of liver transplantation is unlikely to prevent the 
development of an SPG5 phenotype in these patients. The same is 
true for a potential liver-specific gene therapy for the treatment of se-
vere neonatal liver failure in homozygous CYP7B1 mutation carriers.

The notion that CYP7B1 expression in the CNS is required for a 
healthy state of the brain and spinal cord is supported by the fact 
that CYP7B1 physiologically shows substantial expression in oligo-
dendrocytes.31 This expression pattern may protect the cell type 

that forms axon sheets and stabilizes long axon tracts from the incor-
poration of oxysterols and prevent the lipophilic membrane struc-
tures from instability and disruption.

Blood levels of the cerebral cholesterol metabolite 24-HC remained 
unaffected throughout the study, whereas a slight reduction of 
24-HC was observed in the liver at the highest doses of AAV8- 
TTR-hCYP7B1. This may imply that CYP7B1 can use 24-HC as a 
substrate, at least to a small extent. The slight elevation of 24-HC 
in the brain of animals receiving the highest dose of AAV-TTR- 
hCYP7B1, although significant when compared to the vehicle group, 
is within the range of untreated KO animals and most likely not 
correlated to the treatment. This indicates a high specificity of the 
CYP7B1 treatment with effects limited to the intended metabolites. 
This is of major importance because 24-HC is the main regulator 
of cholesterol metabolism in the brain.

In conclusion, this study demonstrated that intravenous treatment 
with AAV8-TTR-hCYP7B1 leads to a rapid and durable normaliza-
tion of the metabolic abnormalities in the blood and liver of an SPG5 
mouse model. While the expression of CYP7B1 in the liver by far 

Figure 4. Normalization of blood oxysterols 

(A) Serum oxysterol levels of pooled blood samples (sex matched) two days after AAV injection (d9). 25-HC concentrations reached WT level (25-HC) whereas 27-HC levels 

showed a dose dependent reduction of approximately 20%–50% relative to vehicle group. 24-HC remained unchanged. (B) Serum oxysterol levels of each animal at the 

endpoint (D49) showed normalization to WT levels for both oxysterols in all vector dosages and except the lowest dose where 27-HC was only reduced by approximately 50% 

relative to vehicle. Pairwise comparison to AAV8-TTR-GFP vehicle group. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.
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exceeded WT levels, the treatment showed a good safety profile with 
no apparent toxicity. The persistently high levels of key oxysterols in 
the CNS after liver treatment suggest that a therapeutic approach in 
SPG5 will most likely need to target the brain as well. Recently pub-
lished capsid variants derived from AAV9 offer a promising tool to 
test this hypothesis, as they are reported to transduce not only the 
liver but also the brain with high efficiency after intravenous 
application.32

MATERIALS AND METHODS
Plasmid cloning

The plasmid pDS-AAV-TTR-Cre (kindly provided by Axel Scham-
bach, Hannover Medical School (MHH)) was used as vector backbone 
and contained self-complementary inverted terminal repeats of AAV 
serotype-2 (scITR2) and the Cre-recombinase cDNA under the con-
trol of the liver-specific minimal transthyretin promoter (TTRmin) 
and human elongation factor EF-1α intron. The human CYP7B1 
cDNA (hCYP7B1, GenBank AF127090.1) fused to a Myc-FLAG-tag 
under the control of a CMV promoter/enhancer was obtained 
from OriGene. To generate pDS-AAV-TTR-CYP7B1 and pDS- 
AAV-TTR-CYP7B1-Myc-FLAG-tag, hCYP7B1 and hCYP7B1-Myc- 
FLAG-tag were PCR amplified and digested with NotI-HF (NEB) 
and XbaI (NEB). pDS-AAV-TTR-Cre was digested using the same re-
striction enzymes to yield pDS-AAV-TTR vector backbone, ligated to 
the digested PCR fragments using T4 Ligase (NEB) and transformed 
in NEB Stable E. coli.

Virus production

Recombinant AAV packaging a self-complementary genome con-
taining GFP or hCYP7B1 cDNA under the control of TTRmin were 
produced and purified as described.33,34 Briefly, plasmids pDP8. 
ape (PlasmidFactory GmbH, containing ITR-free rep2/cap8 and 
adenoviral helper genes) and the plasmid encoding the scITR2- 

flanked AAV genome were co-transfected in HEK293 using polye-
thylenimine (PEI Max, Polysciences). Seventy-two hours post-trans-
fection, supernatant and cells were harvested. Cells were lysed by 
four consecutive freeze-thaw cycles and genomic DNA was degraded 
by Benzonase digest. rAAV-8 in supernatant and cell lysate were 
then precipitated as described using 8% (w/v) PEG-8000 and 
0.1 M NaCl at 4◦C overnight.35 Resuspended pellet was again treated 
with Benzonase and then purified by discontinuous iodixanol (Opti-
prep, Merck) gradient centrifugation.34 rAAV-8 were concentrated 
and buffer was exchanged to PBS by centrifugal filtration (100 kDa 
MWCO, Merck). Final solution was sterile filtrated through a 
0.22 μm filter.

To determine viral genomic titer per ml (vg/mL), rAAV8 were lysed 
in 1 M NaOH at 56◦C for 30 min. The pH was subsequently neutral-
ized with 1 M HCl solution and vg/mL was determined by qPCR us-
ing TTRmin specific primers (FWD: 5′-TCAGCTTGGCAGGGAT 
CAG-3′ and REV: 5′-GACGGCTTCTCCTGGTGAAG-3′) and 
SYBR Green Universal Master Mix (Thermo Fisher Scientific).

RT-qPCR

RNA from cultured cells was isolated using the RNeasy mini spin kit 
(Thermo Fisher Scientific) according to manufacturer’s instructions. 
RNA from liver was isolated using the AllPrep DNA/RNA/Protein 
Mini kit (QIAGEN) and reverse transcribed using the RevertAid first 
strand cDNA synthesis kit (Thermo Fisher Scientific) according to 
manufacturer’s instructions. An intron spanning primer pair against 
human CYP7B1 (Primer sequences (5′-3′) FWD: CAGTTCTTC 
TTGGTGGAAAGTA and REV: TGCAACTGACTGATGCTAAA) 
and mouse cyp7b1 (FWD: GACGATCCTGAAATAGGAGCACA 
and REV: AATGGTGTTTGCTAGAGAGGCC) was used to deter-
mine the relative expression of the endogenous gene and the trans-
duced construct. All measurements of cultured cells were normalized 

Figure 5. Oxysterol levels in the brain at endpoint 

(A) Oxysterol biomarker concentrations in brain homogenate. While a significant reduction of 25-HC was achieved in all treatment dosages, the levels did not come close to 

WT levels. No effect on brain 27-HC levels could be detected. Levels of the cerebral metabolite 24-HC were not altered except for a slight elevation in the highest dose, within 

range of the KO group. Triangular points represent data from male, circles from female animals. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.
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to the housekeeping gene GAPDH (FWD: TCACCAGGGCTGC 
TTTTAAC and REV: GACAAGCTTCCCGTTCTCAG) and mouse 
tissue samples to Actβ (FWD: CTAAGGCCAACCGTGAAAAG and 
REV: ACCAGAGGCATACAGGGACA), a well-established house-
keeping gene for mouse liver samples.36

Immunofluorescence staining

Cultured cells were fixed with 4% paraformaldehyde (PFA, Thermo 
Fisher Scientific) for 15 min and subsequently washed with PBS. Af-
ter permeabilization and blocking with 5% BSA (Sigma Aldrich) and 
0.1% Triton X-100 (Carl Roth) in PBS, cells were stained with anti- 
FLAG (rabbit, 1:500, 14793S, Cell Signaling Technology) and anti- 
CLIMP63 (mouse, 1:500, ALX-804-604-C100, Enzo Life Sciences). 
After an additional washing step, Alexa-Fluor conjugated secondary 
antibodies (1:1000, Invitrogen) were applied. Nuclei were counter 
stained using DAPI (1 μg/mL, 62248, Thermo Fisher Scientific). 
Coverslips were mounted with mounting solution (Agilent Dako). 
Imaging was performed using the Nikon Ti2e-CSU-W1-SORA spin-
ning disc confocal system with a 60× objective and for detailed view 
in combination with the 4× SORA magnifier.

Immunohistochemistry staining

Liver tissue samples were fixed in Roti-Histofix 4% at 4◦C overnight 
and then transferred to PBS. After dehydration, the samples were 
embedded in paraffin. Immunohistochemical staining for CYP7B1 
(Proteintech, 24889-1-AP) was performed on 4 μm deparaffinized sec-
tions. Sections were incubated in blocking buffer (Avidin/Biotin 
blocking kit, Vector Labs, SP-2001) and 20% goat serum in 0.1% 
BSA, with each step lasting 15 min at room temperature. The primary 
CYP7B1 antibody (1:200) was applied and incubated overnight at 4◦C. 
The biotinylated secondary antibody, goat anti-rabbit (Vector Labs, 
BA-1000, 1:700), was incubated for 1 h at room temperature. Enzyme 
complex formation was conducted using the ABC-HRP kit (Vector 
Labs, PK-4000) for 1 h at room temperature. Color development 
was achieved using AEC substrate (Dako, K3464), and sections were 
mounted with Dako Faramount aqueous mounting medium.

Protein isolation and western blot

Cultured cells were harvested by scraping and subsequent centrifu-
gation. The pellet was re-suspended in RIPA buffer (Sigma- 
Aldrich) with cOmplete mini protease inhibitor cocktail (PI) 
(Roche), incubated at 4◦C for 45 min and insoluble residues sepa-
rated by centrifugation (10,000 rcf, 30 min, 4◦C). Liver protein sam-
ples were isolated by addition of 4 μL RIPA buffer (with PI) per mg of 
tissue and homogenized using a bead-based tissue homogenizing 
system (Percellys). After lysis, the homogenate was centrifuged 
(10,000 rcf, 30 min, 4◦C), supernatant was collected and frozen at 
−80◦C in aliquots for western blot. The total protein content was 
analyzed by using Pierce BCA protein assay kit (Thermo Fisher Sci-
entific) according to manufacturer’s instructions. For tissue homog-
enates, 30 mg of total protein was loaded (10 mg for cultured cells), 
separated by SDS-PAGE and blotted onto nitrocellulose membranes 
(Odyssey nitrocellulose membrane 0.22 mm, LI-COR Biosciences), 
followed by blocking with 5% skimmed milk in Tris-buffered saline 

(TBS) containing 0.1% Tween 20 buffer (TBST) (Sigma-Aldrich) for 
2 h. Subsequently, the membranes were incubated overnight with 
anti-vinculin antibody (Merck; mouse, 1:100,000, V9131) or anti- 
CYP7B1 antibody (Abcam; rabbit, 1:1,000, ab138497) diluted in 
Roche block solution (Roche, Switzerland). Membranes were washed 
three times with TBST and incubated for 1 h with an HRP-conju-
gated secondary antibody against rabbit (AffiniPure goat anti-rabbit, 
1:10,000 Jackson ImmunoResearch) or mouse (AffiniPure goat anti- 
mouse, 1:10,000 Jackson ImmunoResearch) each diluted in 0.5% 
skimmed milk in TBST. Membranes were washed three times each 
for 10 min in TBST and stored in TBS until analysis. Protein detec-
tion and image processing was carried out with the Gel Doc XR+ sys-
tem (Bio-Rad).

Animals

All research and animal care procedures were approved by the dis-
trict government (Regierungspräsidium Tübingen, Germany) and 
performed according to international guidelines for the use of labo-
ratory animals in the FORS animal facility (Tübingen, Germany). 
The SPG5 mouse model (Cyp7b1−/−) used in this study was estab-
lished by Jan-Åke Gustafsson19,37 and has been used previously in 
our laboratory for mRNA-based studies.20 Animals did not display 
any obvious motor symptoms, but recapitulate the metabolic pheno-
type of elevated oxysterols. Mice were housed in standard laboratory 
cages (type II L) in temperature (22◦C ± 2◦C) and humidity- 
controlled (55% ± 10%) rooms. Mice were kept on a 12 h light/ 
dark cycle and had ad libitum access to food and water. Cyp7b1−/−

mice (C57BL/6J background) between 5 and 6 months of age were 
used in the presented study and male and female animals were evenly 
distributed in each study group. The AAV preparations were diluted 
in sterile PBS and injected into the tail vein of the animals at dosages 
of 1 × 10E10, 5 × 10E10, and 1 × 10E10 vg for AAV8-TTR- 
hCYP7B1 or 5 × 10E10 vg for AAV8-TTR-eGFP. Control groups 
received the same volume of sterile PBS, but without AAV. Blood 
samples were collected by retro bulbar blood draw seven days prior 
and two days after virus administration for assessment of oxysterol 
baseline levels and short-term effects on oxysterol concentrations af-
ter virus administration. Blood samples from the same experimental 
group and sex were pooled. Serum was separated by centrifugation 
(10,000 rcf, 5 min) using serum Gel Z tubes (Sarstedt, Germany), 
frozen immediately on dry ice and stored at −80◦C upon measure-
ment. Animals were sacrificed six weeks after viral vector adminis-
tration by intraperitoneal injection of Ketamin/Xylazin, heart punc-
ture and subsequent perfusion. Tissues were harvested and frozen or 
prepared for IHC/immunofluorescence analysis.

Measurement of aminotransferases

Endpoint serum samples were diluted 1:4 in 0.8% (w:v) saline solu-
tion and analyzed for AST and ALT levels (IU/L) using an Olympus 
AU 400 analyzer (Beckman Coulter).

Oxysterol quantification by isotope dilution HPLC-MS

Oxysterol levels were assessed by isotope dilution mass spectrom-
etry using deuterium-labelled internal standards as described 
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previously.38,39 Values of oxysterols were normalized to total choles-
terol content (ng/mg CHOL).

Statistics

GraphPad Prism 9 software has been used for statistical analysis. 
Group comparison of oxysterol levels has been performed by ordi-
nary one-way ANOVA analysis. Selected pairwise comparisons are 
shown in the graphs (*p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001). All error bars depicted in this publication refer 
to SD.
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