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ABSTRACT
Fabry disease (FD) is an X-linked lysosomal storage disorder caused by mutations in the GLA gene, which encodes for Alpha 
Galactosidase-A (α-Gal A). α-Gal A deficiency leads to glycosphingolipid accumulation, like globotriaosylceramide (Gb3) and its 
deacylated form, globotriaosylsphingosine (lyso-Gb3), resulting in systemic symptoms and reduced lifespan. Current treatments 
such as enzyme replacement therapy (ERT) and chaperone therapy are noncurative and have limitations. Gene therapy is an in-
teresting alternative approach that may overcome most of these limitations, and different approaches are currently being tested. 
Here, we developed a gene therapy approach using rAAV2/8 vectors, delivered intravenously, that target the liver to produce and 
secrete functional α-Gal A into circulation. This enzyme is then captured by organs expressing mannose-6-phosphate recep-
tors, reducing glycosphingolipid accumulation in affected tissues. We generated a codon-optimized GLA cDNA with enhanced 
translatability that was expressed under a strong liver-specific promoter. In a dose escalation study in juvenile Gla knock-out (ko) 
mice, the lowest dose (3.0E11vg/kg) resulted in 85%–95% clearance of lyso-Gb3 in plasma and tissues, while doses of 3.0E12 vg/
kg and higher showed 98%–100% clearance of the glycosphingolipid. All AAV doses were more effective than systemic α-Gal A 
administration (ERT). Long-term treatment showed normal levels of lyso-Gb3 in plasma and tissues, and corrected neuropathic 
involvement, as shown in the hot plate test. This study provides a proof-of-concept showing that the tested liver-specific gene 
therapy vector is capable of preventing disease progression in juvenile Fabry mice at relatively low doses and shows potential in 
treating both early- and late-onset FD in patients.

1   |   Introduction

Fabry disease (FD; OMIM: 301500) is an X-linked lysosomal 
storage disorder caused by pathogenic variants in the GLA 
gene encoding α-galactosidase (α-Gal A). Enzyme deficiency 
leads to lysosomal accumulation of glycosphingolipids, pri-
marily globotriaosylceramide (Gb3) and its deacylated form, 

globotriaosylsphingosine (lyso-Gb3) [1–3]. Progressive substrate 
deposition results in cellular dysfunction and multi-organ dam-
age. Disease severity correlates with residual enzyme activity: 
individuals with 1%–3% activity develop the classical, early-
onset form that manifests during childhood or adolescence. 
Patients with 3%–30% of residual activity display the atypical or 
late-onset FD, which manifests during adulthood [4–6].
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FD has a reported frequency of 1 in 40 000 to 1 in 117 000 males 
[7, 8], but the accuracy of epidemiological data is compromised 
due to its pan-ethnic nature [2]. Newborn screening predicts 
much higher incidence, that is, 1 in 1368 males in Taiwan [9], 
and 1 in 3100 to 1 in 4121 males in Italy, with an 11:1 ratio of 
late-onset to classic cases [10, 11].

The current standard of care is enzyme replacement therapy 
(ERT) with recombinant α-Gal A (agalsidase alfa and agalsi-
dase beta) [12]. However, it presents important limitations: fre-
quent infusions due to short half-life [12–15], high cost (~€200 k/
year) [12, 16, 17], infusion reactions, and frequent development 
of anti-drug antibodies, reducing therapeutic efficacy [18]. A 
second generation ERT has been recently approved (peguni-
galidase alfa) is expected to increase half-life and reduce immu-
nogenicity [19–21]. Chaperone therapy (Migalastat/Galafold) is 
approved patients carrying amenable GLA variants [22]. Other 
approaches such as substrate reduction therapies are being 
tested [20].

Gene therapy has emerged as a promising long-term alternative 
[23, 24]. Recombinant adeno-associated vectors (rAAV) have 
demonstrated encouraging outcomes in both clinical and pre-
clinical investigations of various inherited diseases, including 
Fabry disease [25–33]. Liver-directed strategies benefit from the 
tolerogenic properties of this organ and reduced anti-drug an-
tibody formation [34, 35]. Preclinical FD studies demonstrated 
efficient hepatic α-Gal A production and antigen-specific toler-
ance [32, 33].

In this study, we evaluated a liver-directed rAAV2/8 vector 
encoding human GLA cDNA under a liver-specific promoter 
[36–38], in Gla knockout mice [39]. Our findings provide proof-
of-concept for durable, low-dose AAV-mediated liver gene ther-
apy in Fabry disease.

2   |   Materials and Methods

2.1   |   Codon-Optimization of Human GLA cDNA

The human mRNA transcript 201 sequence (hGLA WT) was ex-
tracted from the NCBI database. Codon optimization was done 
using online tools applying different optimization algorithms 
(IDT Codon Optimization Tool, JCAT Java Codon Adaptation 
Tool, COOL Codon Optimization Online by the National 
University of Singapore). GC content was registered using 
ENDMEMO GC content calculator, CpG Islands were identi-
fied by EMBOSS CPG PLOT by EMBL-EBI, and Cryptic Splice 
Sites were identified using Splice Site Prediction by Neural 
Network at Fruitfly.org. Further, the four codon-optimized 
sequences obtained were manually edited to reduce splice 
site score and to avoid additional open reading frames in both 
strands and CpG Islands. A Kozak sequence was added at the 5′ 
end (5 GCCGCCACC 3′). All four codon-optimized sequences 
along with the wild-type sequences (hGLA_WT, hGLA_CO1, 
hGLA_CO2, hGLA_CO3, and hGLA_CO4) were synthesized by 
Genscript, cloned into the pUC57-Kana plasmid, and transferred 
into the pSMD2 vector [38], containing the alpha-1-antitrypsin 
(hAAT), liver-specific promoter, the apolipoprotein E (ApoE) 
enhancer, and AAV ITRs.

2.2   |   In Vitro Testing of rAAV Vectors

Huh-7 cells [kindly provided by Alessandro Marcello, ICGEB, 
Trieste, Italy; [40]] were maintained in Dulbecco's Modified 
Eagle Medium (DMEM) with 10% of Foetal Bovine Serum (FBS). 
Transient transfection was performed using Lipofectamine 2000 
reagent following the manufacturer's guidelines (Lipofectamine 
2000 Transfection Reagent; Cat# 11668019; Invitrogen). Cells 
were incubated at 37°C for 48 h.

2.3   |   Animals

All animals were housed and handled according to the institu-
tional guidelines and the Italian Ministry of Health in the ICGEB 
bio-experimental facility in Trieste (Project Authorization 
N. 365/2021-PR), following European Union (EU) Directive 
2010/63/EU for animal experimentation and ARRIVE guide-
lines. C57Bl/6 WT and Gla knock-out (ko) mice were main-
tained in a temperature-controlled environment with 12/12 h of 
light/dark cycles and received a standard chow diet and water 
ad libitum. Gla ko mice or B6;129-GLAtm1Kul/J (Strain #003535) 
were purchased from Jackson laboratory and were housed in 
the ICGEB bio-experimental facility. Only male mice were used 
for experimentation.

2.4   |   Animal Procedures

AAV viral vector treatment was done intravenously via the retro-
orbital route, dosed as AAV viral genomes per animal weight (vg/
kg) in isoflurane anesthetized animals as previously described [41].

For ERT treatment, 3 months-old GLA ko male animals were 
treated with 1 mg/kg agalsidase alfa (Replagal Takeda, ERT) every 
week for 2 months. Blood samples were taken every 2–4 weeks, 
and mice were sacrificed at P150, 2 months after ERT first dosing.

To assess pain sensitivity, a hot plate assay was conducted on age-
matched male mice (330 days old) as previously described with 
minor modifications [32]. Following a 20-min acclimation period, 
each mouse was placed on a 50°C heated metal surface enclosed 
by an 18 cm diameter cartoon wall to prevent escape. A timer was 
started, and the latency (in seconds) to the first sign of nociception 
(hind paw licking, shaking, flicking, jumping, or vocalizing) was 
recorded. A 30-s cut-off was implemented to avoid tissue damage.

2.5   |   Viral Genomes Determination

Genomic DNA was extracted from pulverized liver using the 
Wizard SV genomic DNA purification system (Promega) follow-
ing the manufacturer's guidelines. Vector genomes in liver were 
quantified by real-time PCR using the iQ SYBER green super-
mix (Bio-Rad), as previously described [37].

2.6   |   Lyso-Gb3 Quantification

Lyso-Gb3 level was evaluated in murine plasma and tissues 
(liver, kidney, and heart) of treated and untreated animals. 
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For tissues, 20 mg of powdered tissue was homogenized using 
a mechanical homogenizer (IKA ULTRA-TURRAX T25) with 
350 μL of water. Tissue and plasma lyso-Gb3 concentrations 
were determined by liquid chromatography-mass spectrometry 
(LCMS) at Centro Servizi di Laboratorio (CSL) in Hospital Santa 
Maria della Misericordia in Udine. Homogenized samples or 
plasma were mixed with precipitation solution (10 mL internal 
standard solution (1 ng/mL-10 ng/mL), 10 mL acetone, 2.22 mL 
water) containing internal standard (1 ng/mL Lyso GlcCer d5—
Lyso-SM d9; 10 ng/mL Lyso Gb3 d7 in Methanol). The mix was 
vortexed and incubated on an orbital shaker for 30 min and then 
centrifuged at 16 000 rcf for 10 min. The clear supernatant was 
collected and dried under a nitrogen stream. The dried con-
tent was reconstituted with 100 μL mobile phase (55% FMA: 
water + 0.1% HCOOH, 45% FMB: CH3CN + 0.1% HCOOH) and 
centrifuged at 16 000 rcf for 5 min. One hundred microliters of 
supernatant was used for analysis by injecting 2 μL in Citrine 
Sciex 6500QT with Poroshell 120 EC-C8 2.7 μm and 3.0 × 50 mm 
columns. The analysis was done against a calibration curve pre-
pared by spiking the pure standards in water: methanol 50:50 
solution (range 0.1–200 ng/mL for LysoGb3, Lyso GlcCer, and 
range 1–2000 ng/mL for Lyso SM/509).

In some figures, the absolute values of lysoGb3 accumulation 
in plasma (ng/ml) and tissues (ng/mg) were converted to per-
centages for ease of understanding. In the case of plasma, the 
mean of lyso-Gb3 accumulation in untreated hemizygous males 
(n = 5) at P150 was considered as 100%. Whereas, in the case of 
tissues, the mean of lyso-Gb3 accumulation in the specific organ 
(liver/kidney/heart) of untreated hemizygous males (n = 5) was 
considered as 100% accumulation. All the treated and untreated 
wild-type substrate levels were re-calculated as percentages 
based on this criterion.

2.7   |   Statistics

Statistical analyses were performed for all the assays using 
GraphPad Prism 10.3.0. Data in the graphs were plotted as mean 
with the corresponding standard deviation (SD). Statistical anal-
ysis of data containing different time points was done using a 
mixed-effect model (REML). The comparison of groups was 
done using one-way or two-way ANOVA. A p-value below 0.05 
was considered significant (*p < 0.05, **p < 0.01, ***p < 0.001).

3   |   Results

3.1   |   Generation and Evaluation 
of Codon-Optimized Human GLA cDNA Constructs 
In Vitro

We generated a series of codon-optimized GLA cDNA variants 
by applying different codon optimization algorithms, followed 
by further manual optimizations for GC content, CpG islands, 
cryptic splice sites, and alternative ORF in the coding and non-
coding strands (Figure S1A–C; Table S1). These variants were 
cloned into a liver-specific AAV pSMD2 vector and tested for 
α-Gal A expression and enzyme activity in  vitro and in  vivo. 
Four codon-optimized constructs were selected for in  vitro 
testing: hGLA_CO1, hGLA_CO2, hGLA_CO3, and hGLA_CO4 

with 76.52%, 78.11%, 80.23%, and 80.76% sequence identity 
with the hGLA WT cDNA sequence, respectively (Table S1 and 
Figures S2 and S3). The pSMD2 plasmid contains liver-specific 
promoter and enhancer sequences (alpha-1 antitrypsin, α1-
hAAT, and apolipoprotein E enhancer, ApoE) (Figure 1A and 
Figure  S1A) [38], providing hepatocyte-specific expression of 
the transgene [36, 37]. We first compared α-Gal A protein ex-
pression and enzymatic activity between the CO variants and 
the WT GLA cDNA by transiently transfecting Huh-7 liver cells 
(Figure S1D–F). The variants CO1, CO2, and CO3 showed about 
two-fold increased α-Gal A protein expression and enzyme ac-
tivity in the cell extracts compared to the WT GLA cDNA. The 
enzyme activity and protein levels of these variants in the super-
natant were 4- and 6-fold increased, respectively, compared to 
the WT enzyme, suggesting improved secretion. The CO4 cDNA 
showed the lowest activity and was not further tested.

3.2   |   Evaluation of the Codon-Optimized Human 
GLA cDNA Constructs In Vivo in WT Mice

Next, we tested the pSMD2-CO1, -CO2, and -CO3 constructs 
in  vivo in WT animals. We prepared AAV8 stocks and dosed 
C57Bl/6 juvenile P30 male mice with 3.0E12 vg/kg of the differ-
ent CO and WT versions and collected plasma and liver 3 weeks 
after the treatment (Figure 1A). Enzyme activity in the liver and 
in plasma showed increased levels in animals dosed with the 
CO2 and CO3 GLA cDNA versions, while those treated with 
CO1 GLA cDNA showed lower activity levels compared to mice 
treated with the WT construct (Figure 1B). These results were 
confirmed by Western blot (Figure  1C,D; Figures  S4 and S5). 
Viral genome copies (VGC) were lower in the livers of animals 
treated with the CO versions compared with the group treated 
with the WT cDNA, indicating that these differences were prob-
ably higher (Figure 1E).

Thus, considering the in vitro and in vivo results, we selected 
the CO2 GLA cDNA for the next set of experiments.

3.3   |   Testing the Codon-Optimized Constructs in 
Gla Knock-Out Mice

We then tested the effective therapeutic activity of the CO2 GLA 
cDNA in Gla ko male mice (Fabry mice). These animals (Jackson 
Laboratory, Main, USA; Cat no. 003535) present a complete loss 
of Gla gene expression [39], accumulate Gb3, similar to Fabry 
patients, but their disease progression is relatively slow and key 
clinical features are absent resembling late-onset phenotype 
[42]. As expected, we observed no α-Gal A enzyme activity in 
liver, kidney, heart, and plasma (Figure S6A–D), and accumu-
lation of lyso-Gb3 in plasma, liver, and kidney (Figure S5E,F).

We performed a side-by-side comparison between the CO2 
and the WT GLA cDNA versions by dosing different amounts 
of AAV8 to Fabry mice (Figure 2A). Aiming at mimicking the 
treatment of juvenile patients affected by Fabry Disease, we in-
jected P30 mice (retro-orbital injection) with AAV8 doses rang-
ing from 3.0E11 to 3.0E13 vg/kg. As a control, 3 months old Fabry 
KO animals were treated with enzyme replacement therapy 
(ERT, 1 mg/kg agalsidase alfa, Replagal, Takeda) every week for 
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FIGURE 1    |     Legend on next page.
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2 months. It is important to note that the ERT dose used here is 
five-fold higher than the one normally administered to patients 
(1.0 and 0.2 mg/kg, respectively), since it was previously demon-
strated that a higher dose was required to obtain a complete or 
almost complete reduction of Gb3 and Lyso-Gb3 accumulation in 
Fabry mice [43, 44]. Blood samples were taken every 2–4 weeks, 
and mice were sacrificed at P150, 4 months after AAV dosing, 
and 2 months after ERT first dosing. The weight curve was not 
affected by the treatment (Figure S7A,B). The ERT resulted in 
increased enzyme activity in plasma reaching the a-Gal A ac-
tivity levels of untreated wild-type animals (Figure 2B,C). For 
the duration of the experiment and for all tested doses and GLA 
constructs, α-Gal A enzyme activity in plasma was higher than 
the one observed in both WT mice and mutant mice treated 
with ERT (Figure  2B,C). In particular, the administration of 
the CO2 vector (AAV doses of 1.0E13, 3.0E12, and 3.0E11 vg/
kg) resulted in an enzyme activity increase at P150 of ~6090-, 
1844, and 57-fold vs. untreated WT mice, and 3.2-, 3.8-, and 13.9-
fold increase of enzyme activity, respectively, compared to mice 
treated with the WT GLA cDNA (Figure 2B,C). Plasma lyso-Gb3 
level was reduced in all treated animals, compared to untreated 
Fabry mice, showing a clear dose–response effect (Figure 2D,E; 
Table S2). At P150, the lyso-Gb3 levels in plasma of AAV-treated 
Fabry mice were reduced by 99.7%, 98.1%, and 89.5%, for the 
AAV doses of 1.0E13, 3.0E12, and 3.0E11 vg/kg, respectively, 
compared to untreated Fabry mice (Figure 2D,E). In line with 
the results of the enzyme activity, lyso-Gb3 clearance was more 
pronounced in the animals treated with the CO2 GLA cDNA 
compared to those treated with the WT GLA cDNA (3.0-, 3.5-, 
and 3.7-fold increased reduction of CO2 cDNA vs. WT cDNA, 
for the AAV doses of 1.0E13, 3.0E12, and 3.0E11 vg/kg, respec-
tively; Figure 2D,E; Table S2). Unexpectedly, we did not observe 
a dose–response effect at the late timepoints with the dose of 
3.0E13 vg/kg CO2 cDNA, which showed lower enzyme activity 
and lower clearance of lyso-Gb3 in the plasma, compared to the 
animals treated with the same vector at a lower dose (1.0E13 vg/
kg). However, we observed higher enzyme activity in the early 
timepoints which was gradually lost, while the dose–response 
effect was present in the animals treated with the higher dose of 
the WT cDNA (3.0E13 vg/kg). We hypothesize that these differ-
ences may be related to the activation of endoplasmic reticulum 
(ER) stress by the excessive over-production of a-Gal A in the 
hepatocytes transduced by the CO2 GLA cDNA, but not in those 
transduced by the WT GLA cDNA.

At sacrifice, blood, liver, kidney and heart were collected and 
VGC, α-Gal A levels and enzyme activity, and lyso-Gb3 accu-
mulation were determined. The Western blot analysis of α-Gal 
A protein in liver protein extracts showed a dose–response in-
crease in the animals treated with AAV vector (Figure S7C,D), 

with higher α-Gal A expression levels in the animals treated with 
the CO2 GLA cDNA (doses 1.0E13–3.0E11 vg/kg), compared to 
animals treated with the same doses of the WT cDNA construct, 
although these differences were not statistically significant.

In the ERT-treated animals, we observed a supraphysiologi-
cal increase of α-Gal A activity in the liver, kidneys, and heart 
(Figure  3A–C), leading to a 76% reduction in substrate accu-
mulation in the liver, 67% in the kidneys, and 56% in the heart, 
compared to the values of untreated Fabry mice (Figure 3D–F). 
A dose–response effect on α-Gal A enzyme activity was also ob-
served in the tissues of the AAV-treated animals, with the CO2 
GLA version resulting in higher enzyme activity levels com-
pared to the WT construct (Figure  3A–C). For all tissues and 
AAV doses, the levels of α-Gal A enzyme activity were equal to 
or higher than those of WT untreated controls. When compared 
to ERT-treated mice, only in the groups treated with the lower 
AAV dose were the α-Gal A enzyme activity levels lower than 
those of the ERT-treated animals. The doses of 3.0E13, 1.0E13, 
and 3.0E12 vg/kg cleared lyso-Gb3 to WT levels in the tested tis-
sues (Figure 3D–F). For the dose of 3.0E11 vg/kg, the CO2 cDNA 
version was significantly more efficient than the WT version in 
clearing lyso-Gb3 from tissues (95% vs. 68% in liver; 87% vs. 40% 
in kidney; and 84% vs. 34% in heart, respectively; Figure 3D–F).

Assessment of VGC in the liver showed similar levels between 
the CO2 and the WT AAV vectors for each of the different doses 
(Figure S7E).

3.4   |   GLA-AAV-Gene Therapy Treatment in Fabry 
Mice Results in Long-Term Correction of Lyso-Gb3 
Accumulation and Normal Performance in the Hot 
Plate Test

To assess the long-term efficacy of the approach, we dosed 
a group of animals at P30 (3.0E12 vg/kg of CO2 or WT AAV 
vectors) and monitored the animals up to 12 months of age 
(Figure  4A). Blood samples were taken monthly, and enzyme 
activity and lyso-Gb3 levels were determined.

α-Gal A activity and lyso-Gb3 showed stable levels in plasma 
during the whole study (Figure  4B,C). The plasma of mice 
dosed with the CO2 GLA cDNA version presented a minor, non-
statistically significant increase in enzyme activity compared to 
the group treated with the WT cDNA version (Figure  4B and 
Table S3). Quantification of plasma lyso-Gb3 levels was signifi-
cantly lower in mice treated with the CO2 GLA cDNA com-
pared to the WT cDNA (p ≤ 0.001; Figure 4C), confirming the 
higher therapeutic efficacy of the AAV vector expressing the 

FIGURE 1    |    Assessment of the codon-optimized sequences in  vivo in WT mice. (A) Experimental design for the assessment of the codon-
optimized sequences in vivo in C57BL/6 WT mice. AAV8 viral stocks were used to transduce C57Bl/6 WT mice (n = 5) at 3.0E12vg/kg intravenously 
(retro-orbital) at P30. The human alpha-1 antitrypsin promoter (hAAT) and apolipoprotein E enhancer elements (ApoE) provide liver-specific gene 
expression. The experiment was terminated after 3 weeks (P51), harvesting the liver and collecting blood for plasma analysis; (B) The bar graph 
shows the α-Gal A enzyme activity in liver protein extracts of AAV-transduced mice; (C) Western blot of liver protein extracts using an anti-α-Gal A 
antibody. HSP70 was used as housekeeping gene to normalize protein expression; (D) Quantification of liver and plasma western blots; (E) The viral 
genome copies was quantified in genomic DNA samples extracted from liver homogenates. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 2    |    Assessment of the codon-optimized cDNA variants in vivo in Fabry mice treated with AAV-based gene therapy. (A) Experimental 
scheme. Hemizygous male mice (B6;129-GLAtm1Kul/J; n = 5 per group) were treated with either AAV8-pSMD2_hGLA WT or AAV8-pSMD2_hGLA 
CO2 viral vectors at the dose of 3.0E13 vg/kg, 1.0E13 vg/kg, 3.0E12 vg/kg and, 3.0E11 vg/kg. Animals were injected retro-orbitally at P30 and sac-
rificed at 5 months of age. Blood was collected at intermediate time points and at termination along with harvesting the liver, kidneys, and heart for 
analysis. Age-matched untreated hemizygous males (B6;129-GLAtm1Kul/J) and wild-type (B6;129sf2/J) were used as controls; (B) α-Gal A enzyme 
activity was measured in blood plasma collected at different time points at P45, P60, P90, P120, and P150 for all treated and untreated animals. The 
graph shows the mean of the activity (nmoles/ml/h) at each time point; (C) Bar graph representation of enzyme activity at P150. Each dot represents 
a single animal; (D) Lyso-Gb3 levels were measured in blood plasma collected at different time points during the experiment. The lyso-Gb3 levels 
is indicated as a percentage, considering the mean lyso-Gb3 levels in untreated hemizygous mice as 100%. (E) The bar graphs represent lyso-Gb3 at 
P150. Each dot represents a single animal. *p < 0.05, ***p < 0.001.
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codon-optimized GLA cDNA. Quantification of lyso-Gb3 in tar-
get tissues showed complete clearance in both groups of animals 
(Figure 4D–F), confirming the results of the shorter-term exper-
iment (Figure 3D–F) and the durability of the treatment.

The histological analysis of tissue sections of liver and kidney 
showed the presence of Gb3 accumulation in the kidney and 
liver of untreated Fabry mice (emerald green, black arrows, 
Figure 5A), which were not present in the animals treated with 
either the WT or the CO2 GLA cDNA versions. These results are 
in complete agreement with the previous data, which showed 
normal levels of lyso-Gb3 in tissues in animals of 5 months of 
age after the treatment at P30 with 3.0E12 vg/kg of the AAV vec-
tor (Figure 2D,E).

To evaluate the functional efficacy of the therapy we have 
tested the recovery of neurological symptoms in the treated an-
imals. Thus, since Fabry mice exhibit hyposensitivity to heat 
[27, 45, 46], we challenged AAV-treated and control animals 
with the hot plate test. We observed that the latency of untreated 
Fabry mice was two- to three-fold higher than for WT and het-
erozygous mice. On the contrary, Fabry mice treated with AAV 
vectors (both the CO and WT cDNA groups) behaved as WT 
untreated animals (Figure  5B), indicating that the treatment 
of presymptomatic Fabry mice can prevent the decline in pe-
ripheral sensory function. These results strongly indicate that 
AAV8-mediated liver gene transfer of the GLA cDNA into Fabry 
mice was able to correct not only the biochemical aberration but 
also a measurable functional deficit.

FIGURE 3    |    Evaluation of enzyme activity and lyso-Gb3 accumulation in tissues of Fabry KO mice treated with AAV-based gene therapy. α-Gal A 
enzyme activity was measured in protein extracts from (A) liver (B) Kidney, and (C) heart (nmoles/mg/h) of the experiment shown in Figure 2. The 
bars represent the mean of α-Gal A enzyme activity after 4 months of treatment. The lyso-Gb3 accumulation was determined in (D) liver, (E) kidney, 
and (F) heart tissue homogenates. The bars represent the mean percentage lyso-Gb3 levels after 4 months of treatment. Untreated WT and Fabry 
mice, as well as Fabry mice treated since M3 with ERT are shown. Each dot represents a single animal. ***p < 0.001.
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FIGURE 4    |     Legend on next page.
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4   |   Discussion

Current treatments for FD rely on the administration of ERT or 
chaperone therapy. However, these therapeutic approaches pres-
ent limitations, supporting the development of more effective 
therapeutic strategies. In vivo gene therapy, based on the direct 
injection of viral vectors, allows sustained expression of the α-
Gal A enzyme, offering several advantages over ERT. Liver gene 
therapy appears as a potential strategy to achieve a long-term 
therapeutic effect with a single systemic application, with en-
zyme production occurring in a 24/7 fashion. On the contrary, 
ERT necessitates lifelong 2- to 4-h biweekly infusions that, as-
sociated with the short half-life of the recombinant enzyme in 
circulation [28], results in a pharmacokinetic profile presenting 
high levels immediately after infusion, rapidly decreasing to 
very low levels after a few days.

The liver is an excellent target for gene therapy due to its easy 
accessibility, its unique dual blood supply, and its tolerogenic 
properties. In fact, liver expression of a transgene driven by 
AAV vectors is associated with induction of robust peripheral 
tolerance to the transgene product with reduction in anti-drug 
antibodies induction [33, 35]. Clinical application of AAV-based 
vectors for liver-targeted in  vivo gene therapy has rapidly in-
creased over the last decade, largely because of the good safety 
profile of these vectors and the success of recent clinical trials 
[26, 47, 48]. Importantly, the therapeutic effect of AAV-mediated 
liver gene therapy appears to be sustained long-term, as efficacy 
of the therapeutic gene has been documented for more than 
8 years in hemophilia clinical trials [49], and it holds promises, at 
least for the treatment of some conditions, for once-in-a-life-time 
treatment [50]. However, physiological hepatocyte duplication 
and conditions influencing hepatocyte turnover may impact the 
long-term efficacy of the therapy [51]. Published data established 
that human hepatocytes divide at an estimated rate of 17%–19% 
per year [52] and the lifespan of mouse hepatocytes was esti-
mated in ~200 days [53]. This suggests that re-administration of 
the therapeutic vector in a second moment may be necessary, 
but the induction of the humoral immune response against the 
AAV capsid, resulting in persistent neutralizing antibody titers, 
precludes repeated vector administration [29, 47, 54]. Several 
strategies are being tested to allow re-administration of the AAV 
vector, ranging from the use of immunosuppressors to removal 
of the neutralizing antibodies by plasmapheresis or by the use of 
IgG-cleaving endopeptidases [55–62].

Here, we developed a codon-optimized GLA cDNA improving 
translation 4–6-fold over the WT GLA sequence. We demon-
strated that liver-directed AAV8-hGLA gene therapy in juvenile 
Fabry mice resulted in marked increase of α-Gal A enzyme pro-
duction and activity in the liver, with high amounts of enzyme 

secreted into the circulation. The secreted α-Gal A was taken 
up by target organs, probably by receptor-mediated endocytosis 
[63, 64], reducing lyso-Gb3 accumulation to WT levels at rela-
tively low AAV vector doses. The therapeutic effect showed an 
evident dose-dependent increase in the α-Gal A enzyme activ-
ity levels, with all the doses reaching supraphysiological levels 
of activity. The higher efficiency of the codon-optimized GLA 
cDNA, compared with the WT GLA cDNA version, was evident 
in quantitative and semi-quantitative studies performed, such as 
determination of protein levels (Western blot), enzyme activity, 
and lyso-Gb3 accumulation, both in blood and target organs. 
Since the phenotype in Fabry mice is mild due to slow progres-
sion of the disease [39], this difference was not evident in the 
histological analysis since the sensitivity to detect differences in 
lyso-Gb3 accumulation by immunostaining is lower than in bio-
chemical methods. In the functional hot plate test for thermal 
nociception, correction by both vectors was similar due to their 
high efficiency to clear lyso-Gb3 from tissues.

Various liver-specific AAV-mediated gene therapy studies for 
FD have been tested in mice, with all of them requiring higher 
AAV vector doses to obtain complete or sub-optimal Gb3 or ly-
so-Gb3 clearance in target tissues [25, 28, 32, 33, 65–70], when 
compared to the lower doses used in this study that resulted 
in the complete or almost complete lyso-Gb3 normalization in 
blood and tissues. However, minor discrepancies may be pres-
ent due to differences in the titer assay standardization when 
comparing AAV doses from different labs. Importantly, some 
of these reports include pre-clinical studies performed in sup-
port of clinical trials. For example, an experiment conducted by 
Sangamo therapeutics in Fabry mice showed ~70% reduction of 
lyso-Gb3 in the kidneys and ~80% in the liver and plasma when 
treated with an AAV2/6 vector containing a codon-optimized 
GLA cDNA at 2.0E12 vg/kg, and only 40% clearance in the 
plasma and tissues with a dose of 2.5E11 vg/kg [70]. This drug 
(ST-920) has been tested in a Phase I/II clinical trial at a dose 
of 2.63E13 vg/kg resulting in improved disease severity score 
compared with ERT [71], and has been granted the fast-track 
designation by the US FDA for the phase 3 trials in patients 
with Fabry disease. A liver-directed AAV gene therapy is also 
being evaluated by Freeline Therapeutics. In the mouse stud-
ies done with the AAV8 serotype, a dose of 2.0E12 vg/kg of the 
clinical vector (FLT-190) resulted in normalization of lyso-Gb3 
in plasma, heart and liver, but the reduction of lyso-Gb3 in kid-
ney reached only 65% [28]. Another clinical trial is being con-
ducted by 4D Molecular Therapeutics using an ubiquitous gene 
promoter (CAG), where mouse studies showed normalization of 
lyso-Gb3 in plasma, heart and liver when mice were dosed with 
1.0E13 vg/kg of their clinical vector (4D-310), while only 75% re-
duction was observed in kidney at this AAV dose [31]. Recently, 
a study sponsored by UniQure showed almost complete and 

FIGURE 4    |    Long-term evaluation of FD phenotype in plasma and tissues of Fabry KO mice treated with AAV-based gene therapy. (A) 
Experimental scheme. Juvenile (P30) Fabry KO mice were treated with AAV8-pSMD2_hGLA WT or AAV8-pSMD2_hGLA CO2 viral vectors at 
the dose of 3.0E12 vg/kg. Blood was collected at intermediate time points and at termination along with harvesting the liver, kidneys, and heart for 
analysis. Age-matched untreated hemizygous males (GLA ko: B6;129-GLAtm1Kul/J) and wild-type (B6;129sf2/J) were used as controls; (B, C) α-Gal A 
enzyme activity (B) and lyso-Gb3 accumulation (C) were measured in plasma. ***, p ≤ 0.001, RM-ANOVA; (D–F) Lyso-Gb3 accumulation was mea-
sured in tissue homogenates of (D) liver, (E) heart and (F) kidney after 11 months of treatment. The bars represent the mean percentage lyso-Gb3 
levels. ***, p ≤ 0.001, One-Way ANOVA, Bonferroni Post hoc tests.
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FIGURE 5    |     Legend on next page.
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complete clearance of lyso-Gb3 in kidney and heart of Fabry 
mice with doses of 3.3E14 and 7.7E15 vg/kg, respectively, of a 
AAV5-GLA vector driven by a liver-specific promoter [68]. 
When comparing these existing therapies with the results ob-
tained in the present study, a proof of the advanced performance 
is clearly established. We have shown that the lowest tested dose 
of 3.0E11vg/kg AAV8 pSMD2 hGLA_CO2 vector reduced 95% 
substrate in the liver, 87% in the kidneys, and 85% in the heart, 
and 100% correction was obtained with the 3.0E12 vg/kg AAV 
dose, with significantly better efficacy compared to ERT treat-
ment (Figure 2B–E). We should take also consider that of ERT 
efficacy may be reduced since it was started at P90, rather than 
at P30 as the AAV treatment.

Additionally, the steady levels of α-Gal A enzyme activity and ly-
so-Gb3 observed in both the short- and long-term experiments, 
without immunosuppression, suggest that the treatment does 
not generate significant levels of neutralizing antibodies against 
the liver-produced human enzyme and are in line with previ-
ous results showing the induction of immune tolerance after 
AAV-mediated hepatic expression of α-Gal A [33] and other 
therapeutic proteins [35, 72, 73], although the validation of this 
assumption requires experimental testing.

These data are indicative of the potential of the vector design 
and the codon-optimized construct tested here. Developing a 
more potent vector will allow the use of lower vector doses to 
achieve the same therapeutic efficacy, potentially minimizing 
anti-AAV capsid immune responses and genotoxicity, which 
are associated with administration of higher vector doses [51]. 
Although not directly assessed in our study, we also expect that 
our treatment will elicit an anti-AAV humoral response, poten-
tially limiting vector re-administration.

It is interesting to note that plasma α-Gal A levels in mice treated 
at the highest dose of AAV8 pSMD2_hGLA CO2 vectors expe-
rienced a drop in the activity level during the first month post 
treatment, which later stabilized until the termination of the ex-
periment (Figure 2B). As a hypothesis, this reduction could be 
explained by the death of the hepatocytes having higher VCN 
due to ER stress, triggered by the high load of α-Gal A enzyme 
production from the CO2 GLA cDNA. Consequently, the overall 
α-Gal A levels were reduced in the mice transduced with the 
highest dose of hGLA_CO2 (3.0E13vg/kg) when compared with 
those transduced with the hGLA WT-AAV vector. Therefore, 
this observation should be taken into consideration in the design 
of a clinical trial, although the dose able to completely normalize 
lyso-Gb3 accumulation in plasma and tissues of Fabry mice was 
at least 10-fold lower than this critical one. Another potential ex-
planation could be the misfolding of the codon optimized vari-
ant, possibly resulting from altered translation kinetics. This 
may activate the unfolded protein response (UPR), thereby re-
ducing therapeutic efficacy, particularly at very high AAV doses 
where higher protein production levels are present. However, 

other studies may be required to fully determine the causes of 
this drop in α-Gal A production at very high AAV doses, as other 
alternative mechanisms may also be present.

The long-term studies showed durability and efficacy of the 
gene therapy for over 11 months after vector dosing, with nor-
malization of lyso-Gb3 levels in plasma and target tissues, 
showing normal histological architecture. The therapeutic 
effect in the neurological phenotype was assessed by the hot 
plate test [32]. This test, which measures the nociceptive re-
sponse to a heat stimulus, showed the complete protection of 
AAV-treated Fabry mice, with latency times as WT untreated 
mice, suggesting that the proposed therapy can also address 
the pathology in the dorsal root ganglia and improve the an-
imals' thermal nociception, providing strong support to the 
high efficiency of the treatment.

In Fabry disease, the first symptoms of the classical form often 
appear in childhood or early adolescence, whereas late-onset 
FD is usually diagnosed in adulthood. This delayed diagnosis, 
combined with the low proliferation rate of hepatocytes during 
adolescence and adulthood, supports the hypothesis that liver-
directed gene therapy using AAV vectors—engineered to ex-
press GLA under the control of a liver-specific promoter—may 
be an effective strategy for these patients. On the contrary, early 
diagnosis of the classical form, facilitated by the post-natal 
screening programs already implemented in some countries, 
may benefit from permanent genome editing approaches which 
could prevent the loss of AAV DNA during hepatocyte prolifera-
tion in early life [36, 74, 75].

In conclusion, our work demonstrates that the AAV8-GLA-CO2 
vector represents a promising novel therapy for treating juvenile 
and adult patients with FD, including those with the classical 
form who are diagnosed late or currently receiving enzyme re-
placement therapy. This vector was able to successfully rescue 
the pathological phenotype of a mouse model of FD, including 
neuropathic involvement, when it was injected in the blood cir-
culation of juvenile presymptomatic animals, with an 84%–95% 
reduction in lyso-Gb3 accumulation in target tissues with a dose 
as low as 3.0E11 vg/kg.
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Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Table S1: Characteristics of the different codon op-
timized GLA cDNAs. The table shows the similarity with the WT GLA 
cDNA, % of GC content, codon optimization index (CAI), tRNA adapta-
tion index (tAI), Effective Number of Codons (ENC). Table S2: Lyso-Gb3 
levels in plasma samples of the experiment shown in Figure 2. The table 
shows the relative values of lyso-Gb3 (considering the GLA KO as 100%, 
expressed as Mean ± SD) of the experiment shown in Figure 2E. Table S3: 
a-Gla A enzyme activity of the liver samples of the experiment shown in 
Figure 4. The table shows the enzyme activity (expressed as mmole/mg/h) 
of the experiment shown in Figure 4B. Figure S1: In vitro test of codon 
optimized GLA cDNAs. (A) Scheme of the codon-optimized GLA con-
structs. The human GLA 201 transcript was used as a template to generate 
four codon-optimized variants of the gene using online tools and manual 
alterations to the codon composition. These cDNAs were cloned into the 
pSMD2-hAAT-ApoE plasmid containing a liver-specific promoter, and 
transfected into Huh-7 liver cells for protein and enzyme activity assess-
ments; (B) The graph shows the codon adaptation index (CAI) for each 
of the GLA cDNA variants; (C) The putative GpC islands are shown: (D) 
The Western blot assay of Huh-7 transfected cells was done for cell extracts 
and supernatants (tissue culture medium) using anti-a-Gal A–specific anti-
body and normalized with the eGFP transfection control; (E) The bar graph 
shows the quantification of the blot shown in Panel D; (F) The bar graph 
shows the a-Gal A enzyme activity in the cell extracts and in the cell cul-
ture medium. Figure S2: cDNA sequences of the WT and codon optimized 
variants of the human GLA cDNA Figure S3: Alignment of WT and codon 
optimized 3 (CO3) sequences of the human GLA cDNA. The figure shows 
the alignment of the cDNA and amino acid sequences performed with 
online tools (vecto​rbuil​der.​com). Figure S4: In vivo assessment of codon 
optimized cDNAs. Western blot of plasma of the WT mice of Figure  1, 
which were transduced with the different AAV-GLA cDNAs. Each lane 
corresponds to a single animals. The same amount of protein of samples 
of the mice transduced with the WT GLA cDNA were loaded in all gels to 
allow the comparison across the different blots. Figure S5: In vivo assess-
ment of codon optimized cDNAs. Western blot of liver protein extracts of 
the mice of Figure 1, which were transduced with the different AAV-GLA 
cDNAs. Each lane corresponds to a single animals. The same amount of 
protein of samples of the mice transduced with the WT GLA cDNA were 
loaded in all gels to allow the comparison across the different blots. Figure 
S6: Characterization of Fabry KO mice. Male Fabry KO animals aged 2-, 
3-, 4-, 5-, and 6 months were sacrificed, the liver, kidney, and heart were 
harvested, and blood was collected to extract plasma. Proteins were ex-
tracted from the tissue homogenates and a-GalA enzyme activity assay was 
done in (A) liver (B) kidneys and (C) heart for all the animals (nmoles/
mg/h). (D) a-GalA enzyme activity was analyzed in the plasma isolated 
from the collected blood (nmoles/ml/h). (E) Lyso-Gb3 accumulation was 
measured in plasma of 5-months old male hemizygous and wild-type mice 
(ng/mL) with mass-spectrometric analysis. (F) Kidney and liver sections of 
5-month-old hemizygous and wild-type male mice were cryopreserved for 
immunofluorescence with Anti-Gb3 antibody (red), Phalloidin (green) and 
the nucleus was stained with Hoechst (blue). The white arrows mark the 
Gb3 accumulation in the hemizygous animals. Figure S7: Assessment of 
the codon optimized cDNA variants in vivo in Fabry mice treated with AAV 
based gene therapy (Figure 2). (A and B) All the animals were weighed 
at intermediate time points throughout the experiment along with un-
treated controls; (C) Proteins extracted from liver homogenates were used 
to run an SDS-PAGE gel. Western blot analysis was done with the treated 
animals with Anti-a-Gal A antibody to detect a-Gal A proteins on the blot 
and HSP70 specific antibody was used as a housekeeping protein. The blot 
shown is representative of all the treatment groups. (D) The bar graph 
represents the quantified and normalized values of the bands obtained 
from all the animals treated at different doses. (E) Quantitative RT-PCR 
was done with genomic DNA extracted from liver homogenates to amplify 
the promoter region on the AAV8 pSMD2 vector to estimate viral genome 
copies/cell in the treated animals. The red bars and dotted bars indicate 
the mean of vgp/cell present in the livers of AAV8 pSMD2_hGLA WT and 
AAV8 pSMD2_hGLA CO2 treated mice at different doses. 
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