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Factor VII (FVII) deficiency is a rare bleeding disorder with a
prevalence of approximately 1:300,000-500,000 individuals.
We explored whether adeno-associated virus (AAV)-mediated
gene therapy can achieve durable and functional expression of
human FVII (hFVII) in vive. Wild-type hFVII (hFVIIwt) and a
naturally occurring splice variant designated hFVII(-22)
(GenBank: NM_019616.4) were expressed under the control
of the Apolipoprotein E-derived hepatic locus control region
and the ol-anti-trypsin promoter. Expression cassettes were
packaged in either recombinant AAV5 (rAAV5) or recombi-
nant AAV8 (rAAVS). For both hFVIIwt and hFVII(-22), 5-
to 20-fold higher plasma levels of hFVII could be obtained
when rAAV8 was used as a vector as opposed to rAAV5. Inter-
estingly, hFVII levels obtained by employing rAAV8 express-
ing the hFVII(-22) cDNA variant were approximately 10 times
higher than those obtained using rAAV8 expressing hFVIIwt.
Based on these results, we generated an rAAV8-based gene
therapy vector encoding hFVII(-22) and evaluated long-term
expression in vivo. Employing a vector dose of 0.8 x 10'?
genome copies (gc)/kg, we observed 48 weeks of functional
hFVII expression which peaked at 16 IU/mL and stabilized
at 7 IU/mL. These results support the pre-clinical development
of AAV8-mediated delivery employing the splice-variant
hFVII(-22) for patients suffering from FVII deficiency.

INTRODUCTION

Factor VII (FVII) deficiency is a rare autosomal recessive bleeding
disorder with an estimated prevalence of 1 in every 300,000-
500,000 individuals."* Severe FVII deficiency is caused by homozy-
gous or compound heterozygous mutations in F7 (13q34), which
result in low or undetectable plasma FVII levels.” FVII concentration
in normal human plasma is extremely low (1.5-3 pg/mL), and, ac-
cording to the International Registry of Factor VII deficiency and
the Seven Treatment Evaluation Registry, an FVII level of less than
or equal to 26% of normal” indicate potentially significant deficiency
and levels <5% are associated with a severe bleeding phenotype.’
However, in contrast to other bleeding disorders, such as hemophilia
A/B, bleeding phenotypes in FVII deficiency are poorly correlated

with FVII activity levels, and it is not unusual to encounter patients
classified as severe who do not report regular bleeding episodes.”

Currently, the best therapeutic approach to treat FVII deficiency is
prophylaxis regimes of either 30 pg/kg dose of recombinant activated
FVII (rFVIIa) three times a week or 20-40 mg/kg of plasma-derived
FVII two to three times a week for long-term prophylaxis.””® The
need for regular repeated administration is due to the fact that
FVII has the shortest half-life of the coagulation factors (about 5
h), which is only modestly longer than the half-life of FVIIa (about
2 h).” Dose intervals are even shorter in children, for whom plasma
clearance is more rapid than in adults (3-4 h).°

Gene therapy can eliminate the need for recurrent prophylactic FVII
administration by providing sustained, endogenous high-level coagu-
lation factor production and prevent bleeding with limited safety con-
cerns.” This approach is particularly effective for monogenic diseases,
including many bleeding disorders like hemophilia A/B and FVII de-
ficiencies, for which symptoms are typically associated with loss of
function for a single protein.” Notably, FVII is structurally and func-
tionally related to human Factor IX (FIX), for which successful gene
therapy has been developed” and is currently undergoing several clin-
19712 with at least two products, etranacogene dezaparvocvec
and fidanacogene elaparvovec, receiving marketing authorization."
Restoring plasma FVII levels above 5% is predicted to effectively pro-
tect patients from bleeding symptoms and is a feasible target, consid-
ering that recent gene therapy trails for hemophilia A/B demonstrated
sustained functional protein levels above 5% for many years after treat-
ment and significant reductions in bleeding events.’

ical trials

Given the rarity of FVII deficiency, it is still quite challenging to
perform prospective pre-clinical studies to evaluate the feasibility
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Figure 1. In vivo biodistribution of AAV5, AAV8, and AAV9
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(A) CAG-luciferase construct was packaged into rAAV5, rAAVS, or rAAV9 to test which wild-type serotype will target the liver more efficiently at a dose of 1.6 x 10'2 gc/kgin
wild-type C57BL/6 mice (n = 5/group). (B) Representative individual pictures of the IVIS measurement taken at 1, 2, 4, 6, and 10 weeks post-injection. Animals were
subjected to IVIS measurements after intraperitoneal injection of D-Luciferin. The AAV-mediated expressed transgene Iuciferase is detected by the emission of photons (scale
baris 1 x 10° photons/cm?/s/sr within the ROI. (C) Quantified radiance has been transformed into logarithmic scale and presented as means (SD). Transformed data were
analyzed by two-way ANOVA with Tuckey’s multiple comparisons test. ***p < 0.001; ****p < 0.0001.

of novel treatments, such as gene therapy. However, some prelimi-
nary studies on the application of adeno-associated viruses (AAVs)
for liver-directed FVII gene transfer in large animal models have
produced promising results. Administration of an AAV8 vector en-
coding canine FVII to FVII-deficient male dogs at a dose of 6 x 10"
genome copies (gc)/kg resulted in sustained and stable FVII levels up
to 15% of normal with no reported side effects for over 1 year post-
injection.'* In another study, administration of 4 x 10"" gc/kg of a
self-complementary AAV5 vector encoding human FVII (hFVII)
to adult non-human primates (NHPs) resulted in stable FVII levels
of approximately 7.2% of normal up to 6 months post-injection.'”
Another study conducted in an FVII-deficient mouse model in
which an AAV8 vector encoding for mouse FVII (mFVII) was deliv-
ered at 35 days of life also showed significant improvement in the
survival rate of treated versus untreated animals for at least 65
days after administration."> This was an important finding, given
that more than 20% of patients with severe FVII deficiency have
intracranial hemorrhage, the majority of which occurs in the first
few weeks of life to be associated with high morbidity and
mortality.'®

The aim of the present study is to provide further evidence that
AAV-directed gene therapy is a viable approach to treat FVII defi-
ciency. First of all, we conducted a proof-of-concept study in which
we directly compare the efficacies of recombinant AAV9 (rAAV9),
AAVS5 (rAAV5), and AAVS8 (rAAV5) for delivering an FVII tran-

script in wild-type mice. Secondly, we optimized both the expression
cassette and the cDNA sequence of the therapeutic protein to
improve efficacy. Finally, in line with current understanding of the
impact of 5'-cytosine-phosphate-guanine-3° (CpG) content in
long-term expression of rAAV-encoded transgenes,'’ >* we gener-
ated two CpG-deprived FVII variants to evaluate the effect of
reducing the CpG content on plasma FVII levels and protein activity.

RESULTS

Liver transduction is more effective with rAAV8 compared to
rAAVS5 or rAAV9

Biodistribution analysis of rAAV5, rAAVS, and rAAVY in wild-type
C57BL/6 mice was performed using a pAAV-chicken beta-actin
(CAG)-luciferase construct delivered by tail vein injection at a
dose of 1.6 x 10%? gc/kg (Figure 1A). At weeks 1, 2, 4, 6, and 10
post-injection, bioluminescence measured in the In Vivo Imaging
System (IVIS, Xenogen) showed that rAAV9 was detected in multi-
ple organs, whereas both rAAV5 and rAAV8 showed more concen-
trated signal in the liver (Figure 1B), which is in agreement with pre-
vious findings.”” Quantification of transgene expression confirmed
that liver transduction was significantly higher for rAAV8 and
rAAV9, compared to rAAV5 (Figure 1C). Moreover, rAAV5-medi-
ated luciferase expression declined over time, whereas expression in
rAAV8- and rAAV9-transduced animals stabilized over time
(Figure 1C). Based on their preferential transgene expression in
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Figure 2. Evaluation of AAV5- versus AAV8-mediated FVII expression
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(A) rAAV5 was packaged with either hFVIiwt or cohFVII(-22) under the control of the hAAT promoter and injected at a dose of 1.6 x 10" gc/kg; while rAAVS was packaged
with the same constructs and injected at a dose of 1.6 x 102 gc/kg instead; (B) hFVIiwt levels in plasma of male C57BL/6 mice delivered by either rAAVS or rAAVS; (C) human
cohFVII(-22) levels in plasma of male C57BL/6 mice delivered by either rAAV5 or rAAV8. In both rAAV5S- and rAAV8-mediated expression of hFVII recombinant protein, the
hFVIlwt was outperformed by the shorter hFVII(-22) transcript. Data are presented as means (SD). See also Figure S2. Data were analyzed by Student’s t test. ****p < 0.0001.

the liver, the rAAV5 and rAAV8 capsids were selected for subse-
quent experiments.

Liver transduction of human FVIl is higher with rAAV8 than rAAV5
even at 10-fold lower dose

A second cohort of wild-type C57BL/6 mice underwent tail vein in-
jection of rAAV8 or rAAV5 encoding for wild-type human FVII
(hFVIIwt) at doses of 1.6 x 10" gc/kg and 1.6 x 10" gc/kg
(Figure 2A). All human FVII (hFVII) transcripts used in this study
were under the control of the well-characterized Apolipoprotein E
(ApoE)-derived hepatic locus control region (HCR)-al-anti-trypsin
(ApoEHCR-hAAT) promoter,”® hereafter referred to as hAAT pro-
moter, which produced long-lasting stable expression using both
rAAVS5 and rAAVS capsids (Figure S1).

rAAV8 produced significantly better transduction in the liver at
10 weeks after injection, compared to rAAVS5. hFVII plasma levels
were also higher for the rAAV8-hAAT-hFVIIwt (3.0 + 0.6 U/mL)
compared to the rAAV5-hAAT-hFVIIwt group (0.1 + 0.1 U/mL)
(Figure 2B).

We also studied whether the naturally occurring shortened version
of hFVII, harboring a 22 amino acid deletion in the propeptide
([hFVII(-22)]; GenBank: NM_019616.4), would result in the same
levels of transgene expression as hFVIIwt. For these experiments,
we adopted the fully CpG-depleted codon-optimized version of

hFVII(-22) developed by Binny et al,,”> cohFVII(-22). Tail vein injec-
tion was performed in two additional groups of animals to deliver
either rAAV8-hAAT-cohFVII(-22) or rAAV5-hAAT-cohFVII
(-22) at the same conditions used for the hFVIIwt constructs
(Figure 2A). Comparison of circulating hFVII plasma levels showed
that, again, transgene expression levels delivered by rAAV8 were
higher, with 23.4 + 9.7 U/mL of cohFVII(-22) detected at week 8
post-injection as opposed to only 0.9 + 1.2 U/mL for transgene deliv-
ered by rAAVS5 (Figure 2C). For the different conditions, stable levels
of hFVII expression were observed for up to 32 weeks (Figures 2B
and 2C). Notably, all antigen measurements fell within the detection
range of the hFVII-specific enzyme-linked immunosorbent assay
(ELISA), as described in the materials and methods section.

Overall, these results show that rAAVS transduces mouse liver more
efficiently than rAAVS5. In addition, significantly higher plasma
levels of hFVII are obtained by using the splice variant lacking 22
amino acids of the hFVII propeptide regardless of the delivery capsid
(Figure S2).

rAAVS preferentially transduces the liver while rAAVS5 also
transduces lung tissue

The biodistribution for the aforementioned combinations of rAAV5
and rAAV8 vectors with hFVIIwt or cohFVII(-22) transgenes was
determined based on vector copy numbers in the lung, spleen, kid-
ney, and liver at 32 weeks following administration of rAAV5 either

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



rAAV8

|hFViiwt hFVilwt

Liver 93%

(cohFVII(-22) CcOhFVII(-22)

Figure 3. Biodistribution of AAV5 and AAV8 in mice tissues

The chart summarized the relative distribution of both rAAV5 vectors and rAAV8
vectors copies per transduced organ detected by gPCR. For extended dataset, see
also Figure S83.

encoding hFVIIwt or cohFVII(-22) (Figure 3). Most of rAAV5
copies were found in the lungs and liver, and relatively high copy
numbers were also found in the kidney and spleen (Figure 3, left
panel). rAAVS8 harboring the same payloads was primarily found
in the liver, with much lower levels in the kidney, spleen, and lungs
(Figure 3, right panel). Muscle transduction was not detected. Inter-
estingly, the presence of genomic copies in the liver was roughly 10
times higher for rAAV8-mediated delivery than rAAV5-mediated
delivery (Figure S3). In summary, in wild-type mice, rAAV5 prefer-
entially transduces the lungs and, to a lesser extent, the liver, whereas
rAAV8 mainly transduces the liver.

AAV-delivery of a codon-optimized hFVII construct results in
long-term, stable in vivo expression of active hFVII

A third cohort of 24 wild-type C57BL/6 mice underwent tail vein in-
jection to perform long-term evaluation of codon-optimized hFVII
delivered by rAAV8: hAAT-RBD-hFVIIwt vs. hAAT-hFVIIwt and
hAAT-RBD-hFVII(-22) vs. hAAT-cohFVII(-22) (Figure 4).

Two novel codon-optimized versions, RBD-hFVIIwt and RBD-
hFVII(-22), were designed to reduce the overall CpG content of
the hFVII ¢cDNA. In addition, specific 5'and 3’ UTR elements were
added to the mRNA to further promote expression (Figure S4).
Mice were injected with 0.8 x 10'* gc/kg of rAAVS capsid encoding
for RBD-hFVIIwt RBD-hFVII(-22), hFVIIwt, or cohFVII(-22) under
the control of the same hAAT promoter (Figure 4A). Based on the
results of the hFVII-specific ELISA assay, there were no significant
differences in hFVII antigen levels between RBD-hFVIIwt and
hFVIIwt or cohFVII(-22) and RBD-hFVII(-22) transgenes

Molecular Therapy: Methods & Clinical Development

(Figure 4B). In particular, at 4 weeks post-injection, both cohFVII
(-22) and RBD-hFVII(-22) resulted in similar antigen levels
(16.6 = 6.7 U/mL and 12.9 + 4.3 U/mL, respectively). Furthermore,
these antigen levels stabilized at 7.0 + 2.7 U/mL for cohFVII(-22) and
4.5 £ 2.0 U/mL for RBD-hFVII(-22) at 48 weeks post-injection
(Figure 4B). Moreover, for rAAV8-hAAT-hFVIIwt and rAAVS-
hAAT-RBD-hFVIIwt, plasma hFVII levels were approximately
10-fold lower than the encoding codon-optimized hFVII(-22) vari-
ants (Figures 4B and S5).

We also determined FVII activity levels in plasma samples from
these mice (Figure 4C). The FVII chromogenic assay does not distin-
guish between mouse FVII (mFVII) and hFVII. Nevertheless, FVII
activity levels were consistent with the results of the hFVII antigen
ELISA (Figure 4B). Levels as high as 15-20 U/mL were achieved
for rAAV8 expressing cohFVII(-22) and RBD-FVII(-22), similar to
the FVII antigen data (Figure S6). Our data show that long-term
expression of biologically active hFVII(-22) under the control of
the hAAT promoter can be achieved using rAAV8 delivery. No sta-
tistically significant differences were observed between codon-opti-
mized and no-codon-optimized variants.

Dose-response evaluation confirms AAV-mediated gene

therapy is dependent on the dosage of virus infused

A fourth cohort of 24 wild-type C57BL/6 mice was used to perform a
dosing study to try to identify the most optimal therapeutic window
in mice. An rAAV8 vector encoding for the hAAT-RBD-FVII(-22)
expression cassette was administered intravenously into the tail
vein at 0.3 x 10", 0.8 x 10", 1.6 x 10", or 0.8 x 10" gc/kg
(Figure 5A). We chose these doses to reflect the FVII levels we
observed previously (Figure 4B). Mice infused with 0.8 x 10"
gc/kg showed the highest FVII levels, which were comparable to
our previous observations (Figure 5B). Wild-type mice injected
with the dose of 1.6 x 10" gc/kg showed FVII levels of 1 U/mL cor-
responding to physiological levels, while lower levels of hFVII anti-
gen were observed at both 0.8 x 10'" and 0.3 x 10"" gc/kg (Figure 5B,
right zoomed-in view). As expected, our results indicate that hFVII
levels obtained are dependent on the dosage of rAAV infused. Dos-
ages of 0.8 x 102 and 1.6 x 10" gc/kg may give rise to hEVII levels
that are therapeutically effective.

Long-term in vivo exposure to AAV capsids induces the
production of anti-capsid antibodies, in contrast to PBS-
injected control mice

Anti-AAV8 antibodies were measured in the plasma of mice from
the long-term study (Figure 4) to evaluate whether an immune
response could explain the sharp decline in hFVII levels observed be-
tween weeks 4 and 8 post-injection (Figure 4B). Plasma samples
collected at 6, 12, 24, and 48 weeks were used and compared to those
from PBS-injected control mice of the same background. Notably,
anti-AAV8 antibodies were detected at all tested time points in
treated animals, whereas PBS-injected controls remained negative.
The anti-capsid immune response showed a tendency to decline
over time, with a significant reduction observed between 6 and
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Figure 4. Long-term expression using AAV8 capsid

(A) AAVS capsid was packaged with either FVIiwt and coFVII(-22) or two alternative codon-optimized versions, RBD-FVIiwt and RBD-FVII(-22), under the control of the hAAT
promoter. Injection was performed at a dose of 0.8 x 10'? gc/kg in wild-type C57BL/6 mice (n = 6/group). (B) Plasma levels of FVII after blood collection up to 48 weeks post-
injection. No difference was observed between FVIlwt and the correspondent codon-optimized version RBD-FVIlwt as well as between coFVII(-22) and its codon-optimized
version RBD-FVII(-22); however, both RBD-FVII(-22) and coFVII(-22) overperformed FVII(wt) and RBD-FVIi(wt). For extended dataset, see also Figure S5. (C) FVIl activity assay
is used to test the same samples used for plasma antigen level. FVII activity assay is directly proportional to the amount of active protein present in the plasma of the injected
mice. Dotted black line corresponds to mouse FVII threshold level (1 U/mL). Transcripts derived from FVII(-22) variants were confirmed to overperform FVIiwt variants. For
extended dataset, see also Figure S6. Graphs show group means (SD); data were analyzed by two-way ANOVA with Tuckey’s multiple comparisons test. ns, non-significant;

) < 0.0001.

48 weeks (Figure 6). These results indicate the presence of a sustained
immune response against the AAV8 capsid that gradually diminishes
over time.

DISCUSSION

FVII deficiency is a rare bleeding disorder caused by mutations in F7,
resulting in a mild to severe bleeding phenotypes. Clinical manifes-
tation of this disease is extremely heterogeneous, with about one-
third of non-severe patients remaining asymptomatic throughout
their lives and patients classified as severe often showing lower-
than-expected tendencies for bleeding events. Their wide range of
clinical manifestations implies that factors other than FVII, such as
tissue factor, von Willebrand factor, or platelets levels, also influence
bleeding risk.”’ As a result, prophylactic treatments are usually only
recommended for patients with history of severe bleeding episodes
in either the central nervous system or gastro-intestinal tract.” Treat-
ment involves either administration of recombinant FVIIa concen-
trate, plasma-derived FVII concentrate, FVII-containing prothrom-
bin complex concentrate, or plasma.8 However, the short half-life of
these products necessitate lifelong administration of multiple injec-
tions per week, impacting patients’ quality of life.””” A single thera-
peutic infusion with long-lasting effects such as gene therapy would
bring great benefits to FVII-deficient patients. Previous studies using

a canine model for FVII deficiency have demonstrated that AAV8-
mediated gene therapy can produce supraphysiological FVII levels
for over 2.7 years."* Moreover, an independent study in rhesus ma-
caques reported restored FVII levels of 10%-20% following AAV-
mediated gene therapy, further emphasizing the feasibility of this
technology for treating FVII deficiency.'”

In this study, we provide further evidence that gene therapy is a viable
option for treating FVII deficiency and justify further pre-clinical
testing. Our goal was not to evaluate the effects of AAV-directed
gene transfer on bleeding phenotype, which has already been docu-
mented,"” but to focus on investigating the stability and long-term
efficacy of different AAV vectors, as well as transgene codon-optimi-
zation strategies, an area that remains largely unexplored. Firstly, we
directly compared the effectiveness of rAAV5, rAAVS, and rAAV9
vectors for liver-directed gene therapy. In clinical studies, AAVS is
used most frequently for bleeding disorders, AAV9 for lysosomal stor-
age disorders, and AAV5 for multiple other disorders that require
gene transfer in the liver.”” Consistent with previous reports,”®
rAAV9 showed less-specific distribution throughout the body, while
rAAV5 and rAAV8 both resulted in effective liver transduction.
Both rAAVS5 and rAAV8 have been successfully used for hemophilia
A and B gene therapy.'>'® However, rAAV5 has lower transduction
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1.6 x 10",0.8 x 10'", and 0.3 x 10" go/kg. Graphs show group means (SD); data were analyzed by two-way ANOVA with Tuckey’s multiple comparisons test. ns, non-

significant; ****o < 0.0001.

efficiency and is usually administered at doses between 200 and
600 x 10" gc/kg, compared to rAAVS, which is used at a dose be-
tween 6 and 120 x 10" gc/kg.”® To compensate for this difference
in transduction efficiency, we injected rAAV5 at a 10-fold higher
dose than rAAVS, and, yet, rAAV8-mediated delivery resulted in
higher FVII levels. Vector genome quantification via qPCR-based bio-
distribution assays revealed that rAAV5 mainly targeted the lung and,
to alesser extent, the liver, spleen, and kidney, whereas rAAV8 was de-
tected mostly in the liver. This result seems to contradict luciferase
data in which both rAAV8 and rAAV5 are mainly detected in the liver,
which may result from differences in the efficiency of tissue transduc-
tion versus protein translation in different tissues. Our results suggest
that AAV vectors may efficiently transduce the lung. Nevertheless, the
lack of luminescent signal observed suggests that, despite the presence
of a strong CAG promoter, target cells for AAV5 in the lung do not
efficiently produce the luciferase protein as the liver. It is therefore
important to note that luciferase detection only provides a rough esti-
mate of AAV distribution, which is biased by the translational effi-
ciency of a specific tissue, whereas vector genome detection offers a
more accurate measure of the amount of viral genome uptake per tis-
sue. These data highlight the importance of targeting tissue-specific
promoters to prevent off-target expression, which could cause un-
wanted side effects in tissues where normal endogenous expression
of the protein is absent or low. The prominent lung targeting of
rAAVS5 is not entirely surprising, since the putative main receptor of
AAVS5, 2,3-N-linked sialic acid, is expressed on the apical surface
of airway epithelial cells and makes this capsid a good candidate for

gene delivery to the respiratory tract.’*~* A similar outcome was
also observed by Mattar and coworkers when AAV8 and AAV5
tropism was compared in NHPs.”

It is interesting to note that, in terms of capsid structure, the AAV5
capsid is the most phylogenetically distinct vector serotype, and, as
such, it is also the capsid for which the general population has the
lowest prevalence of neutralizing antibodies (Nabs).’* The presence
of Nabs can potentially inhibit the transduction of target cells by
rAAV vectors, leading to the exclusion of patients with high circu-
lating Nab concentrations from clinical trials.>®> However, anti-
AAV5 Nab titers are low in seropositive individuals,’®*” and, as a
result, this capsid is expected to be suitable for a greater proportion
of patients.'>*>** Nevertheless, low-titer antibodies can potentially
exacerbate toxicities linked to administration of high vector doses.*’
Considering the lower transduction efficiency of AAV5, we therefore
chose AAVS to further assess the clinical feasibility FVII gene
therapy.

While the selection of a delivery vector is essential to maximize the
level of gene expression, the sequence of the therapeutic DNA
cassette is probably equally as important for determining therapeutic
potential. This is exemplified by the success of hemophilia B clinical
trials of the FIX-Padua variant, for which a single point-mutation re-
sulted in a hyperactive FIX protein with 8-fold higher expression
than wild-type FIX.*' A recent report described another FIX variant
harboring three amino acid substitutions, which significantly
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Figure 6. Anti-AAVS8 antibodies in treated samples

The bar graph showed plasma levels of anti-AAV8 antibodies in mice injected with
rAAV8 capsids encoding for FVilwt, coFVII(-22) RBD-FVIiwt, and RBD-FVII(-22),
under the control of the hAAT promoter, after 6, 12, and 48 weeks post-injection as
well as PBS-injected animals (n = 5-6/group). Graphs show group means (SD); data
were analyzed by one-way ANOVA with Tuckey’'s multiple comparisons test;
*p < 0.05.

outperformed the FIX-Padua variant.** In our study, we compared
two alternative mRNA transcripts encoding hFVIIL: wild-type hFVII
([FVIIwt]; GenBank: NM_000131.4) encoding the longest isoform
composed of 466 amino acid residues including a 1-20 amino acid
secretory leader (signal-peptide) and 21-60 amino acid propeptide,
and an FVII transcript lacking 22 amino acids in exon 2, encoding
residues 22-43 in the propeptide ([FVII(-22)]; GenBank: NM
019616.4)* but resulting in an identical mature FVII protein to
FVIIwt. The propeptide region of FVII and other vitamin
K-dependent proteins is needed for the carboxylation of N-terminal
gamma-carboxyglutamic acid-rich domain, an essential post-trans-
lational modification required for phospholipid binding.** *® Dele-
tion of 22 amino acids from this region does not result in a loss of
function, and our results are in line with this statement, as plasma
of mice infused with rAAVS8 encoding for hFVII variants lacking
these 22 amino acids showed matching activity and antigen levels
with FVII(wt). hFVII(-22) is the major transcript in healthy individ-
uals, and deletion of residues 22-43 has no impact function, posi-
tioning it as a prime candidate for clinical development of FVII
gene therapy.” Our results clearly indicated that hFVII(-22) pro-
duced significant higher levels of circulating active FVII compared
to wild-type FVII, regardless of the capsid used. This result
confirmed what was previously observed in an elegant study by
Binny and coworkers."

Prior hemophilia gene therapy trials also highlight the impact of
codon optimization on transgene efficiency. In the AAV8-based
FIX-Padua BAX335 phase 1/2 study, a significant loss of transgene

expression was observed, which was linked to the adopted codon-
optimization strategy causing an accidental CpG enrichment.'® A
similar story was observed for DTX101, an AAVrh10-expressing a
codon-optimized FIX gene with no CpG reduction, resulting in a
loss of FIX expression.”' In all these cases, the algorithms used for
codon optimization were originally designed to enhance protein
expression. However, this approach inadvertently led to the intro-
duction of clusters of CpG motifs into the open reading frame of
the transgene coding sequence.'” Since CpGs are known as innate
pathogen-associated molecular patterns that trigger adaptive effector
function, particularly Toll-like receptor 9 pathways,*”

implement codon-optimization strategies that focus on depleting
CpG content rather than increasing it.'” Interestingly, it has also
been suggested that complete CpG removal may be as detrimental
as having high CpG content, as this may cause protein misfolding
due to altered translational kinetics."® These results further highlight
the importance of balancing transgene sequence optimization aimed
at improving gene expression with modifications that reinforce the
safety and durability of the final product. With this goal, we evalu-
ated the impact on duration of expression for different codon-opti-
mization strategies: the coFVII(-22) variant reported by Binny et al.,
with full CpG motif depletion,'” and RBD-FVII(-22), an FVII(-22)
variant that retains some CpG motifs. Both transcripts showed
similar long-term, stable expression, as well as full biological activity
that matched plasma antigen levels. These findings suggest that
neither partial nor complete CpG motif removal compromises the
biological activity or duration of AAV-mediated hFVII expression.

it is wise to

A major concern for AAVS8 gene therapy is to consider the preva-
lence of AAV8 Nabs that may impact efficacy of the therapeutic
approach. In the general population, AAV8 Nabs fall in the range
of approximately 30%-45% in the general population, including pa-
tients with hemophilia.*” We assume that the prevalence will be
similar for FVII-deficient patients. Treatment of patients with pre-
existing AAV8 antibodies may potentially be preceded by B cell-
depleting strategies such as rituximab or immunoglobulin G (IgG)
cleaving proteases like IdeS, which are likely to provide a window
for the administration of AAVS in patients with pre-existing anti-
bodies.” Our current data suggest that AAV8-treated mice develop
an anti-AAV8 antibody response, which may have contributed to the
initial reduction in transgene expression observed between 4 and
8 weeks post-injection. However, we also observed that hFVII levels
subsequently stabilized and remained consistent throughout the
48-week duration of the experiment. Interestingly, the anti-capsid
immune response showed a tendency to decline by week 48. We
speculate that this sustained expression may be attributable to
episomal persistence of the vector, with a subset of successfully trans-
duced cells responsible for long-term expression, whereas the decline
in anti-capsid antibodies may reflect the clearance of the vector from
the circulation. If neutralizing activity had remained persistent, a
continued decline in hFVII levels over time would have been ex-
pected along with the maintenance or even increase of Nabs.
Furthermore, although we cannot rule out the presence of anti-
hFVII antibodies, our data support the notion that, at the very least,
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a potential immune response against the transgene does not interfere
with long-term expression of functional FVIL. While these findings
do not constitute a comprehensive immunogenicity assessment,
and further analysis would be needed to evaluate potential anti-
hEVII effects on protein clearance and half-life, they offer prelimi-
nary insights and further support the feasibility of this gene therapy
approach for FVII deficiency.

An important requirement for assessing the feasibility of new gene
therapy approaches is accurate evaluation of dosing, to avoid supra-
physiological protein levels and remain within the therapeutic win-
dow. This is particularly relevant given that thrombotic events
have been reported in 3%-4% of patients with FVII deficiency’
and deep vein thrombosis has also been documented in recombinant
FVIIa replacement therapy.”" > In a clinical gene therapy study for
hemophilia B, using the hyperactive FIX-Padua transgene, a patient
reported serious health problems due to strongly elevated FIX activ-
ity levels (>200%).>> Moreover, a phase 3 clinical trial for hemophilia
A gene therapy was put on hold due to several patients achieving
FVIII levels >150%, necessitating prophylactic anti-coagulation ther-
apy.”> Our unique combination of components, including the com-
mon hAAT promoter and AAVS8 capsid, resulted in peak coFVII
(-22) and RBD-FVII(-22) expression at 2-4 weeks, with plasma
FVII concentrations up to 20-fold higher than normal physiological
levels. Supraphysiological FVII levels (770% of normal) were also
observed in a canine model for FVII deficiency, which employed
an AAV8-based vector at a dosage of 4.95 x 10" gc/kg."* As a first
step toward further pre-clinical testing, we carried out a dosing study
to identify the minimal effective dose needed to elicit FVII levels in-
side a therapeutic window of 1%-150% of normal. Our results
showed that optimal levels between 50% and 150% of normal levels
can be achieved in mice with doses between 0.8 x 10'*and 1.6 x 10"
gc/kg. It is known that AAV8 transduces mouse hepatocytes better
than NHPs and human hepatocytes, and we therefore expect that
higher virus titers will be needed to reach therapeutic levels in
humans.”*

While our findings provide valuable insights, several limitations
must be acknowledged. First, the study was conducted in wild-type
C57BL/6 mice rather than an FVII-deficient model. Although we
demonstrated efficient production and activity of the hFVII trans-
gene, we did not evaluate its ability to correct a bleeding phenotype
or assess potential inflammatory responses, which could lead to he-
patocellular damage. To address these gaps, studies in large animal
models are recommended, as species-specific differences in FVII ac-
tivity may limit the extrapolation of hFVII efficacy relative to endog-
enous FVIL In vivo analysis is further complicated by the limited
availability of suitable animal models that accurately recapitulate
FVII deficiency in humans. While FVII-deficient mouse models
exist, they often suffer from severe health complications, rendering
them unsuitable for long-term studies. Second, we assumed success-
ful vector-mediated transduction of hepatocytes based on qPCR tar-
geting the poly A (pA) tail of the expression cassette. Although quan-
tification using the FVII coding sequence or promoter region would
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have provided greater specificity, our conclusion was supported by
the well-established knowledge that both AAV5 and AAVS effi-
ciently transduce mouse hepatocytes, thereby justifying our assump-
tion. Finally, a more comprehensive analysis should be performed to
fully assess the safety profile of an AAV-based gene therapy for FVII
deficiency. Although our preliminary data showed that treated ani-
mals developed antibodies against AAVS8, we cannot exclude that
low levels of anti-FVII antibodies develop in response to AAV8-
mediated gene delivery. We implied the absence of transgene Nabs
based on the concordance between hFVII activity and antigen levels;
however, this assumption requires further validation, particularly
considering that an immune response to the transgene product
may also impact other factors such as clearance, protein half-life,
and inflammatory responses. Future pre-clinical development
should include a more comprehensive assessment of the immunoge-
nicity and side effects of both the transgene and the vector capsid.

In conclusion, our study builds upon previous findings to further
demonstrate the feasibility of AAV-based gene therapy. We present
novel data on CpG depletion, serotype-specific biodistribution, and
anti-capsid immunogenicity, and we show that AAV-based gene
therapy can provide durable and functional expression of hFVII in
wild-type mice with no adverse events observed. Overall, we pro-
vided new insights that may support continued pre-clinical investi-
gation of this therapeutic approach.

MATERIALS AND METHODS

Plasmid construction and rAAV production

The hFVII ¢cDNAs were cloned into a vector backbone derived
from the plasmid Adeno-Associated Virus (pAAV)-GFP plasmid
described by Gray J et al.,” which was customized with the inclusion
of a multiple cloning site to allow the substitution of the character-
ized ApoEHCR-hAAT (hAAT) promoter from Miao et al.*® and
the hFVII ¢cDNA sequence in between the AAV2 inverted terminal
repeats (ITRs). The custom pAAV plasmid (Vector Biolabs, Mal-
vern, USA) was used as backbone for all the plasmids adopted in
this paper (Figure S7A). Moreover, each construct included in this
study contains the bovine growth hormone poly A (pA) tail.

The pAAV-hAAT-hFVIIwt was based on hFVII cDNA (GenBank:
NM_000131.4), while the pAAV-hAAT-cohFVII(-22) was derived
from the most abundant transcript, (GenBank: NM_019616.4) which
encodes a hFVII variant that lacks 22 amino acids in the propeptide.”
The latter cDNA sequence was codon optimized and previously em-
ployed in a self-complementary (scAAV) gene transfer approach.'”
Two codon-optimized hFVII versions were generated in this study
using a proprietary codon-optimization tool (RiboPro, Oss, The
Netherlands) and inserted into the pAAV backbone encoding the
hAAT promoter. These plasmids were designated pAAV-hAAT-
RBD-hFVIIwt and pAAV-hAAT-RBD-hFVII(-22), respectively. The
sequence of the optimized hFVII cDNA’s is listed in Figure S4.

The pAAV-CAG-luciferase construct used to test the capsid
in vivo biodistribution study was obtained in a similar manner, by

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



www.moleculartherapy.org

substituting the original promoter present in the pAAV-GFP back-
bone with the ubiquitous CAG promoter and the coding sequence
with the luciferase gene (Figure S7B).

rAAV stocks were produced as described previously.” Briefly, for
rAAVS5 production, pAAV encoding the therapeutic cassette was
co-transfected into HEK293T with pDP5,” encoding the Rep/Cap
and helper proteins (PlasmidFactory, Ref.PF435) using poly-ethyle-
nimine (PEL 1 mg/mL; Polysciences Europe, Germany) in a ratio
PEL:pDNA of 3:1. For rAAV8 production, pAAV encoding the ther-
apeutic cassette was co-transfected into HEK293T with pAAV2/8
encoding for the capsid proteins of AAV8 and the ITR from
AAV2 (Addgene #112864) and the helper plasmid pAdDeltaF6
(Addgene #112867) in a ratio PELpDNA of 3:1. A similar ap-
proached was used for rAAV9 production, with the only exception
that, in this case, plasmid pAAV2/9n encoding for the capsid pro-
teins of AAV9 and the ITR from AAV2 (Addgene #112865) was
used instead.

Medium of HEK293T cells was refreshed with Iscove’s modified Ea-
gle’s medium, supplemented with 10% fetal calf serum, glutamine,
and penicillin/streptomycin (Gibco) 1 hour before transfection and
the day after. Three days after transfection, cells were lysed in lysis
buffer (50 mM Tris-HCl pH 8.5, 150 mM NaCl, 0.1% Triton
X-100, and 2.5 mM MgCl,). Lysates containing rAAV vectors were
treated with DNase and purified using an iodixanol gradient as pre-
viously described.” Subsequently, rAAVs were collected from the
gradient, diluted with Dulbecco’s Phosphate-Buffered Saline
(DPBS), and concentrated using 100 kD Amicon Ultra-15 filtration
units (Millipore, Amsterdam, The Netherlands) with a final buffer
exchange of at least three volumes of DPBS (Gibco) supplemented
with 5% sucrose. Finally, all rAAV's were stocked at —80°C until use.

The resulting rAAV preparations were titrated using real-time qPCR
with serial dilutions of a linearized plasmid as a standard curve and
primers directed toward the pA tail of the transgene cassette (for-
ward: 5'-GCCTTCTAGTTGCCAGCCAT-3’; reverse: 5'-GGCACC
TTCCAGGGTCAAG-3'). Titers were calculated from the obtained
cycle threshold (Ct) values and expressed as genomic copies per
milliliter (gc/mL).

Animal experiments

All animal procedures were approved by the local animal welfare
committee and in accordance with European guidelines (86/609/
EEC). Young adult wild-type C57BL/6 mice (6-8 weeks old) were
given injections into the tail vein using a restrainer. A total amount
of 200 pL of viral vector solution was injected per animal. The num-
ber of mice to be analyzed has been set at 5-6 per group based on
similar studies performed in our group.’”*

To evaluate biodistribution of rAAV8, rAAVS5, and rAAV9 capsid,
luciferase bioluminescence was measured using the IVIS as previ-
ously described.®’ Briefly, mice were anesthetized using isoflurane
(~3%-5% in air for induction), and anesthesia was maintained

with 1%-3% isoflurane. Right before each measurement, the
abdomen of the animals was shaved to remove hair and 200 pL of
50 mM D-luciferin-solution was injected intraperitoneally. Mice
were then placed in prone position and imaged in a field of
12.7 x 12.7 cm in the IVIS system. Before each luminescent measure-
ment, a grayscale photographic image was taken with auto-exposure
settings on which a pseudo-color representation of the luminescent
signal was superimposed. For each measurement, a region of interest
(ROI) of a fixed size was drawn, and it was manually centered over
the area with the highest luminescent signal. The average radiance
per ROI for each animal and each time point was used for further
analysis. The amount of luciferase expression is then expressed as
photons per cm? per second.

To monitor FVII levels in plasma, blood samples were obtained at
week 1 and 2 post-injection and every 2 weeks thenceforward by
mandibular puncture in conscious mice, using a 20G needle. Blood
drops were collected in Eppendorf tubes. To avoid clotting, tubes
containing 1/10"™ volume of 3.8% tri-sodium-citrate were used.
Blood samples were centrifuged for 10 min at 5,000 rpm, and plasma
was carefully pipetted into clean tubes and stored at —20°C until
further use. At the end of the experiment, animals were euthanized
by an overdose of pentobarbital, and the following tissues were
collected: spleen, liver, muscle, lung, and kidney. Selected tissues
samples were snap frozen and kept at —80°C until further
processing.

Regarding the different dosing regimen adopted in this study, they
are the result of practical experience. For our initial evaluation, we
relied on previous data suggesting that 1.6 x 10'* gc/kg would be
a suitable starting dose. However, the luciferase signal captured by
the IVIS system appeared oversaturated, particularly for AAV8
(Figure 1). Consequently, for the subsequent experiment, we decided
to reduce the AAVS dose to 1.6 x 10'* gc/kg. We did not alter the
AAVS5 dose, as this capsid had not performed as well as AAVS8. Re-
sults from the second experiment (Figure 2) confirmed AAV8’s su-
perior performance compared to AAV5 but also showed supraphy-
siological levels of FVII (around 20 U/mL), indicating that even
lower doses could be effective. As a result, the long-term experiment
shown in Figure 4 was conducted using a dose of 1.6 x 10'* gc/kg.

FVII assays

hFVII plasma concentration was measured by a hFVII-specific sand-
wich ELISA as previously described."” Briefly, 1:500 goat polyclonal
anti-hFVII Ab was used as a primary antibody (AF2338, R&D Sys-
tems), with 1:2,000 sheep anti-hFVII (SAFVII-horseradish peroxi-
dase [HRP], Affinity Biologicals) as a secondary and detection anti-
body. Human plasma obtained from a pool of at least 10 healthy
blood donors was used as a standard. The concentration of hFVII
in the plasma standard was determined with reference to the current
World Health Organization international standard guidelines for
FVII products (Sanquin Diagnostics). To make sure that this assay
does not have cross-reactivity with mouse FVII, detection was per-
formed on plasma from uninjected normal mice as a negative
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control. Furthermore, to account for any variation in matrix effects
from the murine plasma, we performed a spiked experiment in
which purified hFVII was spiked into mouse plasma from uninjected
mice and compared with mouse plasma only (same genetic back-
ground). No signal was observed in mouse-plasma-only samples,
while spiked hFVII was recovered for >90%, suggesting very limited
interference from the different matrices (Table S1).

The ELISA was further characterized by calculating the low limit of
quantification (LLQ) and upper limit of quantification (ULQ) of the
hFVII-specific sandwich ELISA, which was based on the following
two parameters: (1) accuracy, which represents the closeness of
measured values to the true concentration, usually considered
acceptable if within a range of 80%-120%, and (2) precision, which
is the degree of variability among replicate measurements (also
described as coefficient of variation), usually considered acceptable
if equal or minor to 5%. Based on these criteria, our assay showed
that the LLQ is in the range of 0.003-0.006 U/mL while the ULQ
is in the range of 0.2-0.1 U/mL (Table S2).

FVII activity in mouse plasma was assayed using the BIOPHEN FVII
chromogenic assay (Ref 221304, Hyphen BioMed) according to the
manufacturer’s instructions.

Anti-AAVS8 detection

Anti-AAV8 antibody concentrations in plasma were measured using
an in-house-developed sandwich ELISA. Briefly, plates were coated
overnight with 5 x 10'° cp/mL of rAAVS, produced as previously re-
ported.”® A 1:5,000 dilution of HRP-conjugated anti-mouse IgG
(NXA931, GE Healthcare) was used as both the primary and detec-
tion antibody. The ADK8 anti-AAV8 mouse monoclonal antibody
(610160, ProGen) served as the standard. Plasma from PBS-injected
mice was included as a negative control. To confirm assay specificity
and rule out non-specific binding to the plate material, the sandwich
ELISA assay was repeated in the absence of coating, plasma material,
or secondary antibody. No absorbance signal was detected in any of
these conditions, confirming that the ELISA setup was specific and
free from background reactivity (see Table S3).

Vector DNA copy number per cell

In order to determine viral vector copy numbers in tissues, mice were
sacrificed and samples of liver, spleen, kidney, lung, and muscles were
collected. Genomic DNA was isolated using the DNeasy Blood & Tis-
sue kit (QIAGEN) following the manufacturer’s protocol. The vector
copy numbers in tissue were measured using the same qPCR primers
adopted for AAV production titering as described earlier. We used
100 ng of genomic DNA as starting material, and serial dilutions
were analyzed for vector genome quantification.

Statistical analysis

All data are represented as mean and standard deviation (SD). Com-
parison between AAV5 versus AAV8 in Figure 2 was performed us-
ing the Student’s t test. Two-way ANOVA with Tuckey’s multiple
comparisons test was used to compare the mean value effect of

Molecular Therapy: Methods & Clinical Development

each time point in the different groups in Figures 1, 4, and 5. One-
way ANOVA with Tuckey’s multiple comparisons test was used to
compare the mean value effect of each time point in the different
groups in Figure 6. Data were considered significant at p < 0.05. Sym-
bols indicate p values for significance designated as follows: *p < 0.05,
**p < 0.01, **p < 0.001, and ****p < 0.0001.
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