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Valoctocogene roxaparvovec (AAV5-hFVIII-SQ) gene trans-
fer provided reduced bleeding for adult clinical trial partici-
pants with severe hemophilia A. However, pediatric outcomes
are unknown. Using a mouse model of hemophilia A, we
investigated the effect of vector dose and age at treatment
on transgene production and persistence. We dosed AAV5-
hFVIII-SQ to neonatal and adult mice based on body weight
or at a fixed dose and assessed human factor VIII-SQ variant
(hFVIII-SQ) expression through 16 weeks. AAV5-hFVIII-SQ
dosed per body weight in neonatal mice did not result in
meaningful plasma hFVIII-SQ protein levels in adulthood.
When treated with the same total vector genomes per mouse
as adult mice, neonates maintained hFVIII-SQ expression
into adulthood, although plasma levels were 3- to 4-fold lower
versus mice dosed as adults. Mice <1 week old initially ex-
hibited high hFVIII-SQ plasma levels and maintained mean-
ingful levels into adulthood, despite a partial decline poten-
tially due to age-related body mass and blood volume
increases. Spatial transduction patterns differed between
mice dosed as neonates versus adults. No features of hepato-
toxicity or endoplasmic reticulum stress were observed with
dosing at any age. These data suggest that young mice require
the same total vector genomes as adult mice to sustain
hFVIII-SQ plasma levels.

INTRODUCTION
Hemophilia A (HA) is an X-linked genetic bleeding disorder caused
by a deficiency in the activity of coagulation factor VIII (FVIII).1,2

Individuals with severe deficiencies (i.e., <1 IU/dL) experience spon-
taneous bleeding internally into joints or muscles.1 Hemarthrosis
typically develops before 2 years of age in children with severe
HA and, if untreated, leads to recurrent bleeds with musculoskeletal
deformity and loss of mobility.3,4 Thus, effective early pediatric
treatment is needed to prevent bleeding, pain, joint damage, and
muscle atrophy.1,5 Regular prophylactic administration of exoge-
nous FVIII is recommended to prevent anticipated bleeding and
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joint destruction, preserve normal musculoskeletal function, and
improve quality of life.2,6,7 Importantly, treatments that result
in modest increases in plasma FVIII levels (i.e., 5–15 IU/dL)
may lead to considerable improvements in HA-related clinical
outcomes.8

Valoctocogene roxaparvovec (AAV5-hFVIII-SQ) is an adeno-asso-
ciated virus (AAV) serotype 5 vector containing a codon-optimized
SQ variant of B-domain-deleted human FVIII (hFVIII-SQ)
controlled by a liver-selective promoter.9 In a phase 1/2 trial, a
single administration of AAV5-hFVIII-SQ resulted in clinical im-
provements in terms of reduced bleeding and FVIII use for up to
5 years in adult men with severe HA.9–11 Gene therapy treatment
in early life could theoretically achieve therapeutic levels of FVIII
by enabling the recipient to produce sufficient FVIII to prevent
bleeding.12

Previous preclinical research in neonatal mice and non-human
primates with AAV vectors indicates robust liver cell proliferation
early in life can prevent stable transgene expression.13–16 Delaying
vector administration may increase the durability of transgene
expression.13,14 Here, we present results of studies evaluating the
preservation of AAV5-hFVIII-SQ vector genomes during growth
of young mice, the hepatic transduction patterns and kinetics of
hFVIII-SQ expression in neonatal versus adult mice, and the
impact of AAV5-hFVIII-SQ treatment on liver function and over-
all safety, with the key objectives of determining the dose of
AAV5-hFVIII-SQ and age at administration required to achieve
and maintain meaningful plasma hFVIII-SQ protein levels into
adulthood.
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Figure 1. Outcomes following AAV5-hFVIII-SQ

treatment in neonates (2 days old) versus adults (8

weeks old).

(A) Plasma hFVIII-SQ levels at 8 weeks post-treatment with

AAV5-hFVIII-SQ (3.5 � 1013 vg/kg) in neonates versus

adults. (B) hFVIII-SQ protein concentrations in plasma by

time point in neonates and adults treated with AAV5-

hFVIII-SQ (8.9 � 1011 vg/mouse). (C) Total AAV5-hFVIII-

SQ vector genomes in liver by time point in neonates

and adults treated with AAV5-hFVIII-SQ (8.9 � 1011 vg/

mouse) detected by qPCR. (D) Total hFVIII-SQ RNA in

liver by time point in neonates and adults treated with

AAV5-hFVIII-SQ (8.9 � 1011 vg/mouse) detected by RT-

qPCR. Data are shown as mean ± standard deviation in

red for mice dosed as neonates and blue for mice dosed

as adults. AAV5-hFVIII-SQ, adeno-associated virus

serotype 5 vector encoding a B-domain-deleted human

FVIII; FVIII, factor VIII; hr, hours; PCR, polymerase chain

reaction; qPCR, quantitative real-time PCR; RT-qPCR,

reverse transcription followed by quantitative real-time

PCR; vg, vector genome; wk, weeks.
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RESULTS
Dose comparison

Plasma protein production, DNA transduction, and RNA

expression

To determine the vector dose needed for newborn mice to achieve and
maintain therapeutic FVIII levels when they reach adulthood, neonatal
(2 days) and adult (8 weeks) mice received a single intravenous bolus
injection of AAV5-hFVIII-SQ. Adult mice were treated with a total
dose of 8.9 � 1011 vector genomes (vg) of AAV5-hFVIII-SQ, equiva-
lent to 3.5� 1013 vg/kg. Neonatal mice received gene transfer at doses
of 8.9� 1011 vg of AAV5-hFVIII-SQ (equivalent to 4.5� 1014 vg/kg),
matching the total number of vector genomes received by adult mice,
or 7.2� 1010 vg per mouse, matching the relative dose level of the adult
mice based on body weight (3.5� 1013 vg/kg). Mice were euthanized at
24 h, 1, 3, 5, 8, or 16 weeks post vector administration (Figure S1A).
Levels of liver hFVIII-SQ DNA, RNA and protein, and plasma
hFVIII-SQ protein were evaluated.

Gene transfer with AAV5-hFVIII-SQ resulted in the successful pro-
duction of hFVIII-SQ protein in adult mice. At 8 weeks post dose,
adult mice dosed with 3.5 � 1013 vg/kg AAV5-hFVIII-SQ had
mean 460.7 ng/mL hFVIII-SQ in plasma (Figure 1A; Table 1).
Conversely, neonatal mice treated with AAV5-hFVIII-SQ vector ge-
nomes given at the same relative dose level as adult mice when
normalized to body weight (3.5� 1013 vg/kg) did not produce mean-
ingful levels of plasma hFVIII-SQ protein; levels of plasma hFVIII-SQ
protein were barely detectable at 8 or 16 weeks after infusion, with
mean concentrations of 3.1 ng/mL and 0.6 ng/mL, respectively. Total
levels of liver hFVIII-SQ DNA and RNA were consistently much
lower for neonates treated with this dose compared with adults. In
contrast to the relative dose based on weight, all neonatal mice dosed
with the same total number of vector genomes as adults (8.9 � 1011
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vg/mouse) had detectable plasma levels of hFVIII-SQ protein from
1 week (444.6 ng/mL) through 16 weeks post dose (85.5 ng/mL) (Fig-
ure 1B; Table 1).

The kinetics of hFVIII-SQ protein levels in plasma differed between
neonatal and adult mice dosed with 8.9 � 1011 vg/mouse AAV5-
hFVIII-SQ. In adult mice, hFVIII-SQ protein was not detected in
circulation until 3 weeks post dose, and plasma levels of hFVIII-
SQ showed a time-dependent increase (Table 1). At 8 weeks, the
mean ± standard deviation (SD) level was 460.7 ± 152.4 ng/mL.
In neonatal mice, plasma hFVIII-SQ protein levels were highest at
1 week post dose and declined at week 3; this decline may be due
in part to blood volume expansion as a result of rapid growth be-
tween 1 and 5 weeks of age (Figures 1B and S2). As the mice
grew and blood volume increased, hFVIII-SQ protein levels were
maintained into adulthood. At 8 weeks, mean ± SD plasma
hFVIII-SQ was 118.21 ± 83.04 ng/mL in the neonatal cohort dosed
at 8.9 � 1011 vg/mouse.

Quantitative polymerase chain reaction (qPCR) showed neonatal
mouse livers were capable of taking up the same amount of vector ge-
nomes as adults when given the same absolute dose (Figure 1C). The
majority of total vector genomes in the liver disappeared over the first
few weeks following infusion, as expected given typical AAV-vector
processing kinetics; however, the slope of decline was similar between
young and adult animals, despite liver growth in the neonatal cohort.
Although the liver hFVIII-SQ DNA levels were similar between the
two cohorts at 8 weeks after dosing, mice dosed as adults expressed
3.6-fold more liver hFVIII-SQ RNA than mice dosed as neonates
(Figure 1D). Total mean ± SD liver hFVIII-SQ RNA in adult mice
increased about 11-fold from 2.51 � 109 ± 4.02 � 109 copies/liver
at 24 h post dose to 2.71 � 1010 ± 2.17 � 1010 copies/liver at 8 weeks
mber 2022



Table 1. Data summary of hFVIII-SQ DNA and RNA in liver and hFVIII-SQ

levels in plasma

Age at dosing
and dosage

Take-
down
post
injection

hFVIII-
SQ DNA,
vg/liver

hFVIII-
SQ RNA,
copies/liver

Plasma
hFVIII-SQ
protein,
ng/mL

Adults dosed
at 8 weeks
(3.54 � 1013

vg/kg; 8.9 �
1011 vg/mouse)

24 h
1.48 � 1010 ±
4.78 � 109

2.51 � 109 ±
4.02 � 109

0 ± 0

1 week
5.16 � 109 ±
1.65 � 109

2.53 � 109 ±
3.29 � 109

10.5 ±

8.2

3 weeks
3.14 � 108 ±
1.35 � 108

1.15 � 1010 ±
3.74 � 109

135.7 ±

56.0

5 weeks
1.22 � 108 ±
8.81 � 107

9.42 � 109 ±
6.51 � 109

214.7 ±

114.5

8 weeks
1.91 � 108 ±
1.33 � 108

2.71 � 1010 ±
2.17 � 1010

460.7 ±

152.4

Neonates dosed
at 2 days (4.47 �
1014 vg/kg; 8.9 �
1011 vg/mouse)

24 h
8.30 � 109 ±
4.58 � 109

5.30 � 108 ±
1.18 � 108

3.9 ±

6.6

1 week
9.94 � 108 ±
9.81 � 108

2.66 � 109 ±
2.05 � 109

444.6 ±

268.3

3 weeks
2.13 � 108 ±
1.45 � 108

6.71 � 109 ±
5.71 � 109

131.9 ±

86.2

5 weeks
1.85 � 108 ±
1.17 � 108

8.93 � 109 ±
7.50 � 109

123.4 ±

53.6

8 weeks
1.67 � 108 ±
1.77 � 108

7.54 � 109 ±
5.02 � 109

118.2 ±

83.0

16 weeks
1.07 � 108 ±
9.16 � 107

1.44 � 1010 ±
1.25 � 1010

85.5 ±

77.5

Neonates dosed at
2 days (3.54 � 1013

vg/kg; 7.2 � 1010

vg/mouse)

8 weeks
1.05 � 106 ±
1.42 � 106

9.17 � 107 ±
6.32 � 107

3.1 ±

2.9

16 weeks
6.12 � 105 ±
1.94 � 106

4.53 � 107 ±
4.34 � 107

0.6 ±

1.2

Data are mean ± SD. Study design is shown in Figure S1A.
hFVIII-SQ, human factor VIII SQ variant; SD, standard deviation; vg, vector genome.
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post dose (Table 1). Similarly, total mean liver hFVIII-SQ RNA in
neonatal mice given the same total vector genomes increased about
14-fold from 5.3 � 108 ± 1.18 � 108 at 24 h post dose to
7.54 � 109 ± 5.02 � 109 copies/liver at 8 weeks post dose.

Protein production and secretion

We next evaluated potential differences in transgene protein produc-
tion and secretion in the neonatal versus adult cohorts. First, we
calculated the total amount of circulating hFVIII-SQ protein. At
8 weeks post dose, adult mice had approximately 5.6-fold greater total
circulating hFVIII-SQ than neonatal mice (mean ± SD, 1.337 ±

0.460 mg versus 0.241 ± 0.161 mg, respectively) (Figure 2A). In liver
homogenate, hFVIII-SQ protein was also higher in adult mice, with
2.2-fold more hFVIII-SQ compared with the neonatal cohort
(mean ± SD, 0.754 ± 0.447 mg versus 0.347 ± 0.197 mg, respectively)
(Figure 2B). When circulating and liver hFVIII-SQ were combined,
total protein production was 3.6-fold higher in the adult mice (Fig-
ure 2C), consistent with the difference in total levels of liver
hFVIII-SQ RNA. Approximately 60% of total hFVIII-SQ protein pro-
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duced was secreted in the adult cohort, whereas only 40% was
secreted in the neonatal cohort (Figure 2D). These data demonstrate
that, when treated with the same number of vector genomes, adult
mice both produce and secrete more hFVIII-SQ than mice infused
as neonates.

Spatial patterns of liver transduction

Given that both neonate and adult cohorts retained similar levels of
hFVIII-SQ DNA at 8 weeks post dose, one hypothesis for reduced
RNA/protein production and secretion could be differences in the
location of transduced hepatocytes within the hepatic lobule and
number of hepatocytes transduced. Previous reports show that
AAV5 preferentially transduces adult murine hepatocytes surround-
ing the central hepatic vein (zone 3 of the hepatic lobule).17 Evalua-
tions using in situ hybridization and immunohistochemistry (IHC)
showed that transduction patterns differed between neonatal and
adult mice when given the same absolute vector genomes at 8 weeks
post dose. In the livers of adult mice, hFVIII-SQ vector genome DNA
and protein were distributed in a peri-central pattern; neonatal mice
showed no preferential pattern in spatial distribution of transduction
for either DNA or protein (Figure 3A). At 8 weeks post dose, 39.7% of
hepatocytes in adult mice stained positive for hFVIII-SQ vector DNA
compared with only 11.5% of hepatocytes in neonatal mice (Fig-
ure 3B). Similarly, at 8 weeks post dose, the total number of hepato-
cytes immunopositive for hFVIII-SQ protein was lower in neonatal
mice when compared with adults, although the difference was not sta-
tistically significant (Figure 3C).

Kinetics of vector genome trafficking

We assessed the kinetics of vector genome trafficking in neonatal and
adult mice to identify differences that could contribute to the
differing levels of vector genome DNA and protein. At 24 h after
dosing, on average, more than 92% of hepatocytes in neonates
stained positive for hFVIII-SQ vector DNA, compared with only
33% of hepatocytes in the adult cohort at 24 h (Figures 4A and
4B). When looking specifically at the nucleus, vector genomes were
detected in 88% of hepatocyte nuclei in neonatal mice and 17% of
hepatocyte nuclei in adult mice at 24 h after dosing (Figures 4A
and 4C). In adults, the percentage of nuclei staining positive for vec-
tor DNA increased to approximately 50% at 3 weeks post dose; in the
neonatal cohort, a decline of percentage of nuclei and cells staining
positive for vector genome per field of view from 1 week on was
observed, suggesting there are mechanisms to degrade vector DNA
in the nuclei as well.

Similar to vector genome DNA, hepatocytic hFVIII-SQ protein-pos-
itive signals were detected 1-week post dose with no apparent distri-
bution pattern in mice infused as neonates (Figure 4D). In adult mice,
hFVIII-SQ protein was not detected until 3 weeks post dose and was
only present in hepatocytes surrounding the central veins. In neonatal
mice, the total number of hepatocytes immunopositive for hFVIII-SQ
protein decreased from 1 to 3 weeks post dose by 42% (not significant)
and remained constant through 8 weeks. In adult mice, little to no
hFVIII-SQ protein was detected at 1 week post dose (data not shown),
rapy: Methods & Clinical Development Vol. 26 September 2022 521
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Figure 2. hFVIII-SQ protein production and secretion

in mice treated with AAV5-hFVIII-SQ as neonates

versus adults

Neonates (2 days old) and adults (8 weeks old) were

administered AAV5-hFVIII-SQ8.9� 1011 vg/mouse. (A) Total

circulating plasma hFVIII-SQ protein by time point following

AAV5-hFVIII-SQ treatment. (B) Total hFVIII-SQ protein

levels in liver by time point. (C) Total hFVIII-SQ protein in

liver and in circulation by time point. (D) Proportion of

secreted hFVIII-SQ protein by time point. *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001. Data are shown

as mean ± standard deviation in red for mice dosed as

neonates and blue for mice dosed as adults. Significance

was assessed with a two-way ANOVA using a Sidak’s

multiple comparisons test. AAV5-hFVIII-SQ, adeno-

associated virus serotype 5 vector encoding a B-domain-

deleted human FVIII; ANOVA, analysis of variance; FVIII,

factor VIII; hrs, hour; vg, vector genome; wks, week.
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and the total number of hepatocytes staining positive for hFVIII-SQ
protein increased �3-fold from week 3 to week 8 post dose (not sig-
nificant) (Figure 4E). At 8 weeks post dose, hepatocytes in mice
infused as neonates had similar IHC intensity compared with the
adult cohort (Figure 4F).

Since hepatocytes within the neonatal mouse liver are smaller (Fig-
ure S3) and more densely packed than those of the adult liver, one
field of view of the neonate liver represents a greater portion of the
total liver than in the adult liver. To account for that difference in
cell density per field, we determined the total number of transduced
hepatocytes in the whole liver by using liver weight and volume per
field. At all time points, significantly more hepatocytes (4- to 7-fold)
stained positive in the adult cohort compared with the neonatal
cohort (Figure 4G). Despite significant liver weight increases in
neonatal mice (Figure S2), the total number of hepatocytes that
stained positive for hFVIII-SQ DNA remained stable; the total num-
ber of positive hepatocytes was also stable in adult mouse liver. His-
tological analyses on liver growth in mice determined that hepato-
cyte mitosis occurred up to 1 week of age, while increases in
hepatocyte cell size were observed by 3 weeks of age and onward
(Figure S3). In both cohorts, the rate of decline in total vector ge-
nomes over time as assessed by in situ hybridization intensity was
similar and differences were not significant (Figure 4H), which is
consistent with the qPCR result. Of note, greater hybridization in-
tensity per hepatocyte was detected in mice infused as neonates
compared with adults (Figure 4I). At 8 weeks post dosing, hepato-
cytes from the neonatal cohort had 5.5-fold higher hybridization in-
tensity than the adult cohort, suggesting higher vector DNA on a
per-cell basis.
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Vector genome structures

We investigated whether there was a difference in
the structure of circular vector genomes post dose
in mice dosed either as neonates or as adults.18

DNA samples were treated with Plasmid-Safe

DNAse (PS-DNAse) to enrich for circular episomal genomes, and
then additional samples were also treated with the restriction enzyme
KpnI to separate individual full-length vector genome units within
concatemeric episomes (Figure S4A).18 Droplet digital PCR (ddPCR)
was then used to quantify the count of circular full-length vector
genome units per sample, allowing for the identification of conca-
temer episomal structures. As expected, circular full-length vector ge-
nomes were present at 8 weeks post dose in both mice treated as
adults and those treated as neonates with similar levels of vector ge-
nomes per diploid genome (Figure S4B). By comparing the numbers
of circular genomes upon KpnI treatment, we determined that the
extent of concatemerization was similar between mice dosed with
AAV5-hFVIII-SQ as adults and as neonates (Figure S4C). Finally,
Southern blotting showed that the forms of vector genomes at 8 weeks
post dose were also similar between the two groups, with circular
episomal genomes present in monomeric, dimeric, and trimeric
forms, primarily in head-to-tail configurations (Figure S4D).

Endoplasmic reticulum stress and hepatotoxicity

Biomarkers of hepatotoxicity and endoplasmic reticulum (ER) stress
were evaluated after treatment with the same absolute dose (i.e.,
8.9 � 1011 vg/mouse) of AAV5-hFVIII-SQ in neonatal and adult
mice. There was no increase in glucose-regulated protein 78
(GRP78) expression in hepatocytes expressing hFVIII-SQ in either
the adult or neonatal cohort (Figure 5A). Quantification of GRP78 in-
tensity was performed and no difference was detected between
neonatal and adult mice (data not shown). In addition, no significant
increase in alanine aminotransferase was detected in either cohort,
including between neonatal mice that received the higher dose
(Figure 5B).
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Figure 3. Transduction patterns of AAV5-hFVIII-SQ between mice dosed as neonates versus adults

Neonates (2 days old) and adults (8 weeks old) were administered AAV5-hFVIII-SQ 8.9 � 1011 vg/mouse. (A) Distribution of AAV5-hFVIII-SQ genomes at 8 weeks post

treatment in mice dosed at 2 days and 8 weeks of age using in situ hybridization (upper) and hFVIII protein by immunohistochemistry (lower). (B) Percentage of hepatocyte

transduction in a field 678.8 mm2 assessed by in situ hybridization at 8 weeks. (C) Percentage of hepatocyte staining positive for hFVIII protein in a field 678.8 mm2 at 8 weeks.

****p < 0.0001; ***p < 0.001; **p < 0.01; ns, not significant. The vehicle control was stained for both human FVIII protein with immunohistochemistry and hFVIII-SQ DNA using

dual in situ hybridization. DAPI staining shows cell nuclei. For (B) and (C), data are mean ± standard deviation for number of hepatocytes staining positive for hFVIII DNA and

protein in the neonatal (red) versus adult (blue) cohorts, respectively. AAV5-hFVIII-SQ, adeno-associated virus serotype 5 vector encoding a B-domain-deleted human FVIII;

d, day; DAPI, 40,6-diamidino-2-phenylindole; FVIII, factor VIII; vg, vector genome; w, week.
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Optimal age for AAV5-hFVIII-SQ administration

To determine the effect of age at time of treatment with AAV5-
hFVIII-SQ, mice aged 2, 4, 6, and 8 weeks were treated with app-
roximately 1 � 1012 vg of AAV5-hFVIII-SQ per mouse, which
corresponded to a weight-based dose level of 1.5 � 1014,
8.7 � 1013, 6.5 � 1013, and 6 � 1013 vg/kg, respectively (Figure S1B).
In addition, mice aged 7 days were administered 7.5 � 1011 vg per
mouse, which corresponded to 2.0 � 1014 vg/kg. Plasma hFVIII-SQ
protein concentrations were measured 1, 2, 4, or 12 weeks post
dose. Consistent with results in neonates, mice dosed at 1 week old
exhibited high plasma protein concentrations at 1 week post dose,
which declined by 2 weeks post dose and remained at steady state
for the remainder of the study (Figure 6A). In mice dosed at ages 2,
4, 6, and 8 weeks, plasma hFVIII-SQ protein concentrations increased
over 12 weeks, consistent with previous results in the adult cohort. At
12 weeks post dose, mean plasma hFVIII-SQ concentrations in mice
dosed at 1, 2, 4, 6, and 8 weeks were 126 ± 152, 92 ± 32, 207 ± 135,
367 ± 240, and 294 ± 174 ng/mL, respectively. At 12 weeks, levels
of total liver hFVIII-SQ DNA were significantly lower in mice dosed
at 1 and 2 weeks old compared with those dosed at 4 weeks and older
(Figure 6B), and hFVIII-SQ RNA was highest in mice dosed at
4 weeks, slightly higher than in mice dosed at 1, 2, or 8 weeks,
although the difference was statistically significant (Figure 6C). At
12 weeks, mean FVIII activity in plasma was highest in mice dosed
at 6 weeks, but only slightly higher than the other timepoints, with
the difference being significant only compared with mice dosed at
Molecular The
2 weeks (Figure 6D). Additionally, AAV5-hFVIII-SQ administration
at any age did not result in any treatment-related mortality, clinical
observations, body weight changes, clinical chemistry changes, or
gross or microscopic findings.

Overall, at 12 weeks post dose, mice that were dosed at the age of 1 or
2 weeks had lower plasma hFVIII-SQ, total hFVIII-SQ DNA, and
FVIII activity compared with mice dosed at 6 or 8 weeks. The optimal
age to administer AAV5-FVIII-SQ in mice may be 4 weeks or older as
these mice had higher plasma hFVIII-SQ concentration and FVIII ac-
tivity; however, younger mice still achieved considerable plasma
hFVIII-SQ levels into adulthood.
DISCUSSION
This is the first study to evaluate AAV5-hFVIII-SQ neonatal dosing
and to model the kinetics of hFVIII-SQ gene and protein expression
in neonatal versus adult mice. The results demonstrate that the capac-
ity for AAV5-hFVIII-SQ transduction and rate of DNA decline in
neonatal mouse liver are comparable with adult mouse liver when
administered the same total quantity of AAV5-hFVIII-SQ.

When treated with the same absolute dose, young mice (<1 week) and
adult mouse livers had generally similar hFVIII-SQ DNA levels; how-
ever, adult mouse livers produced and secreted more hFVIII-SQ pro-
tein than young mice and had approximately 3- to 4-fold higher
rapy: Methods & Clinical Development Vol. 26 September 2022 523

http://www.moleculartherapy.org


A B C

D

E F

G H I

Figure 4. Kinetics of AAV5-FVIII-SQ trafficking and expression. Neonates (2 days old) and adults (8 weeks old) were administered AAV5-hFVIII-SQ 8.9� 1011

vg/mouse

(A) Hepatocellular staining of hFVIII DNA in hepatocytes over time. (B) Percentage of hepatocyte stained positive for hFVIII DNA in cytoplasm or nuclei per 678.8 mm2 field

assessed by in situ hybridization over 8 weeks. (C) Percentage of hepatocytes stained positive for hFVIII DNA in the nucleus per 678.8 mm2 area assessed by in situ hy-

bridization over 8 weeks. (D) Hepatocellular distribution of hFVIII protein over 8 weeks per immunohistochemistry. (E) Total number of hepatocytes that stained positive for

AAV5-hFVIII-SQ protein over 8 weeks. (F) Average hFVIII-SQ protein intensity per cell at 8 weeks post dose. (G) Total number of hepatocytes in whole liver that stained positive

for AAV5-hFVIII-SQ DNA over 8 weeks. (H) Total hFVIII-SQ DNA intensity in whole liver over 8 weeks. (I) hFVIII-SQ DNA intensity per cell over 8 weeks. ****p < 0.0001;

***p < 0.001; **p < 0.01; ns, not significant. Data are shown as mean ± standard deviation in red for mice dosed as neonates and blue for mice dosed as adults. In (D), the

8-week images of neonatal and adult samples are also shown in Figure 3A. AAV5-hFVIII-SQ, adeno-associated virus serotype 5 vector encoding a B-domain-deleted human

FVIII; C, central vein; DAPI, 40,6-diamidino-2-phenylindole; FVIII, factor VIII; hr, hour; IHC, immunohistochemistry; ISH, in situ hybridization; wk, week; P, portal vein.
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plasma levels compared with young mice when they reached the same
age in adulthood. Young mice (%1 week of age) dosed with the same
total vector genomes as adult mice initially had very high circulating
524 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
hFVIII-SQ protein levels. These levels declined rapidly as the mice
grew and blood volume increased, although resultant circulating
hFVIII-SQ protein levels remained substantial. In contrast, when
mber 2022
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Figure 5. AAV5-hFVIII-SQ does not induce hepatotoxicity. Neonates (2 days old) and adults (8 weeks old) were administered AAV5-hFVIII-SQ 8.9 � 1011 vg/

mouse

(A) Immunohistochemistry for GRP78 expression in hepatocytes by time point following AAV5-hFVIII-SQ dosing. (B) Fluorometric assay for alanine aminotransferase levels by

time point following AAV5-hFVIII-SQ dosing at 8.9� 1011 per mouse or 3.5� 1013 vg/kg. Data are shown as mean ± standard deviation. The average ALT in animals dosed

with vehicle was 8.8 nmol/min/L, as indicated with a solid black line in Figure 5B. AAV5-hFVIII-SQ, adeno-associated virus serotype 5 vector encoding a B-domain-deleted

human FVIII; ALT, alanine aminotransferase; C, central vein; d, day; FVIII, factor VIII; GRP78, 78 kDa glucose-regulated protein; P, portal vein; vg, vector genomes; wk, week.
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neonatal mice were administered the same per-body-weight dose as
adult mice, the majority of animals had undetectable circulating
hFVIII-SQ protein levels when they reached adulthood. Together,
these data demonstrate that young mice can achieve and maintain
therapeutically meaningful FVIII expression into adulthood when
treated with the same absolute number of AAV5-hFVIII-SQ vector
genomes as adult mice.

The two doses evaluated differed about 10-fold in total vector ge-
nomes administered. Neonatal doses were chosen to avoid exceeding
Molecular The
the total vector genome dose in adults and to use only those already
clinically validated in adult human participants with a good safety
profile. The total liver hFVIII-SQ genomes in neonates 8 or 16 weeks
post dose with the same total vector genomes were about 100- to
200-fold higher compared with neonates dosed by body weight,
respectively. This greater-than-dose-proportional response was
observed previously in mice and in humans.10,17,19 In a phase 1/2 trial
with AAV5-hFVIII-SQ, mean hFVIII-SQ activity and protein levels
increased greater than proportional to dose between 4 � 1013 vg/kg
and 6 � 1013 vg/kg. This is because successful transduction of AAV
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Figure 6. AAV5-hFVIII-SQ expression in mice of

different ages. Mice aged 7, 14, 28, 42, and 56 days

(n = 10 per group) were infused with AAV5-hFVIII-SQ

(A) Plasma hFVIII-SQ levels in mice after treatment with

AAV5-hFVIII-SQ. (B) Total liver hFVIII-SQ DNA in mice after

treatment with AAV5-hFVIII-SQ. (C) Total liver hFVIII-SQ

RNA in mice after treatment with AAV5-hFVIII-SQ.

(D) hFVIII activity in mice after treatment with AAV5-hFVIII-

SQ. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. In

(A) boxes represent the median and interquartile range

and whiskers represent the minimum and maximum, and

significance was assessed with a two-way ANOVA using

a Tukey’s multiple comparison test; in (B)–(D), data are

shown as mean ± standard deviation and significance

was assessed with a one-way ANOVA using a Tukey’s

multiple comparison. AAV5-hFVIII-SQ, adeno-associated

virus serotype 5 vector encoding a B-domain-deleted

human FVIII; ANOVA, analysis of variance; FVIII, factor

VIII; PND, post-natal day.
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containing this oversized vector expression cassette consisting of a
single-stranded DNA molecule requires either second-strand synthe-
sis or annealing of the positive and negative strands of vector genome
and subsequent repair within the same cell.20–23 Only repaired, dou-
ble-stranded, full-length genomes are functional and capable of mak-
ing hFVIII-SQ RNA and protein, and for oversized vector genomes,
such as the one used in this study, conversion from single-stranded
DNA to double-stranded DNA may be carried out by multiple pro-
cesses.21,23 Therefore, for a given dose of vectors, half of the vectors
would be positive strands and half would be negative strands. If we
assume a rate of transduction v = k *c(A) *c(B), where c(A) is the con-
centration of positive strands, and c(B) is the concentration of nega-
tive strands (k is a constant), then, for a 10-fold difference in vector
doses administered, the transduction rate would have a theoretical
100-fold difference (i.e., the second power of the vector concentration
difference), thus exhibiting a greater-than-dose-proportional
response pattern.

Although neonatal and adult mice had similar levels of total liver
hFVIII-SQ vector genomes at 8 weeks post dose, mice dosed as
neonates had a lower total number of hepatocytes that stained
positive for hFVIII-SQ DNA. This suggests that transduced hepa-
tocytes contained more copies of hFVIII-SQ genomes per hepato-
cyte, which could result in higher expression of hFVIII-SQ RNA
and protein per hepatocyte. However, the high hFVIII-SQ DNA
concentration in liver did not result in increased protein produc-
tion, suggesting that there may be a limit to the amount of protein
that neonatal and adult hepatocytes can produce and secrete in
response to AAV5-hFVIII-SQ transduction. It is interesting that
transduced hepatocytes of neonatal mice appeared to secrete 2.2-
fold lower amounts of hFVIII-SQ protein than transduced hepato-
cytes of adult mice. Of note, there was no evidence of ER stress
induced in mice treated with AAV5-hFVIII-SQ as neonates, as
there was no elevation in the percent of cells that stained positive
for GRP78 protein. These results are consistent with a previous
526 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
study assessing the administration of AAV5-hFVIII-SQ to adult
hemophilic mice.17,24 In that study, AAV5-hFVIII-SQ administra-
tion resulted in dose-dependent increases in hFVIII-SQ RNA and
DNA, therapeutic levels of hFVIII-SQ protein, and decreased
bleeding with no induction of ER stress or apoptosis. The weaker
promoter used in AAV5-hFVIII-SQ may reduce the likelihood of
hFVIII-SQ overproduction per cell, thus limiting induction of
the unfolded protein response.

There were also differences in the pattern of transduction and kinetics
of AAV5-hFVIII-SQ trafficking and of hFVIII-SQ protein expression
in the liver. Neonatal mice showed no clear pattern of transduction
versus a pericentral pattern in adult mice. Further, hFVIII-SQ vector
genome can be detected in hepatocyte nuclei of neonatal mice by 24 h
post AAV5-hFVIII-SQ treatment compared with a delay of 3 to
8 weeks for adult mice, which may explain the more rapid expression
of hFVIII-SQ protein observed in the younger mice. Differences in
hFVIII-SQ RNA and protein production, as well as protein secretion,
may explain the lower level of plasma hFVIII-SQ protein in younger
mice versus adult mice. It is possible that adults secrete more hFVIII-
SQ protein because more cells are transduced or that pericentral
(zone 3) hepatocytes expressing hFVIII-SQ are better able to secrete
hFVIII-SQ protein.25

In the neonatal cohort, the proportion of cells staining positive for
hFVIII-SQ DNA declined beyond 1 week post dose. It is unlikely
that such reduction in percentage positive vector staining is the result
of hyperplastic hepatocyte proliferation/division during this phase,
since the incidence of mitotic hepatocytes was close to 0% at
1 week of age and not detected at older ages (Figure S3C). Therefore,
the loss of genomes observed in mice dosed at 2 days may be in part
due to liver growth via cell division only during the first week of life,
but not after. The dramatic increase in hepatocyte area detected from
1 week of age onward suggests that the mouse liver is growing primar-
ily by hypertrophy beyond 1 week (Figure S3B). Similarly, previous
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studies have shown that very little proliferation occurs after birth un-
der normal circumstances (i.e., without injury).26,27 Loss of vector ge-
nomes after week 1 must therefore be due to other mechanisms, such
as the innate cellular immune response against viral DNA. The novel
finding that total number of transduced hepatocytes remained stable
from 24 h to 8 weeks treatment in the neonatal cohort (Figure 4D)
suggests that hFVIII-SQ vector genomes are not lost due to hepato-
cyte mitosis in neonates. Rather, the in situ hybridization staining in-
tensity per cell decreased over time for both the neonatal and adult
cohorts, suggesting that the degradation of vector genomes in each
transduced hepatocyte contributed to the overall loss of vector
genomes.

While previously published preclinical studies have typically assessed
liver-specific AAV-targeted treatment in young animals on a per-
body-weight basis,14,28,29 here we demonstrate that treating young
mice with the same adult vector genome dose of AAV5-hFVIII-SQ
results in production and maintenance of therapeutically meaningful
levels of circulating hFVIII-SQ when they reach adulthood. Due to
their relatively small body size and low blood volume, an initial
high level of circulating hFVIII-SQ that could pose a risk of thrombo-
embolic events would be unavoidable in young mice treated with an
adult dose of AAV5-hFVIII-SQ. However, the high concentration of
circulating hFVIII-SQ is expected to be diluted over time as the body
grows and blood volume increases. The long-term duration of clini-
cally meaningful levels of hFVIII remains to be determined. Further,
although therapeutic levels of hFVIII were achieved in young mice
(%1 week old), careful evaluation is needed to determine whether
the initially high levels of hFVIII in neonates poses a safety risk.

A key limitation of this study is that the results from mouse models
may not be generalizable to humans. Studies evaluating liver-directed
AAV gene transfer in rhesus monkeys, which have a growth trajectory
more similar to humans, showed different relationships between
dose-timing and transduction patterns than those observed in
mice.14 While AAV gene transfer in infant monkey liver also results
in unstable gene transfer and transduction, delaying the age of vector
administration in rhesus monkeys from 1 week to 1 month did not
improve transduction efficiency.14 Although the molecular mecha-
nisms of aging are similar between mice, rhesus monkeys, and hu-
mans, mice have shorter lifespans and an accelerated early life period.
This study did not assess functional outcomes. Comparing rates of
genomic integration in animals dosed as neonates versus those dosed
as adults would also be valuable, but we believe such comparisons
would be more meaningful in a mouse model with a humanized liver,
as typical AAV genomic integration locations differ betweenmice and
primates.30–33

In conclusion, this study suggests that administration of AAV5-
hFVIII-SQ in younger subjects is feasible but may require the same
absolute quantity of vector genomes as used in adults to achieve ther-
apeutically meaningful levels of hFVIII-SQ into adulthood. Further
evaluation of this promising therapeutic approach, including safety
parameters, merits continued investigation.
Molecular The
MATERIALS AND METHODS
Study conduct

The studies were conducted by the Translational Biology Department
of BioMarin Pharmaceutical, at the Buck Institute (Novato, CA), and
at Charles River Laboratories (Horsham, PA). Animal breeding and
experimental protocols were approved by the Institutional Animal
Care and Use Committees of the Buck Institute and Charles River
Laboratories.
Vector production

As the full-length hFVIII protein is too large to be packaged into AAV
capsids and has poor cellular expression, the vector was modified to
improve expression.17,34 The AAV5-hFVIII-SQ vector contains a
�4.9-kb genome with the sequence including double-stranded in-
verted terminal repeats at the 50 and 30 ends, single-stranded DNA en-
coding a hybrid human liver-selective promoter, a B-domain-deleted
human factor VIII cDNA, and a synthetic polyadenylation signal.
Further, the hFVIII A2 and A3 domains are linked by a 14-amino
acid DNA sequence from the B domain that contains a furin cleavage
site (hFVIII-SQ variant).17
Animals

RAG2�/� (B6.129S6-Rag2tm1FwaN12; Taconic) � FVIII�/� (B6.129S-
F8tm1Kaz/J; Jackson Laboratories) double-knockout (DKO) mice were
used in the study. FVIII�/�mice are homozygous for a targeted, X chro-
mosome-linked mutant allele. Homozygous females and carrier males
have less than 1% of normal mouse FVIII activity, exhibit prolonged
clotting times, and recapitulate the bleeding phenotype of human
HA. The RAG2�/� mouse contains a disruption of the RAG2, which
prevents homozygous mice from initiating V(D)J rearrangement and
generating mature T or B lymphocytes, minimizing the chance of anti-
body production against foreign protein. Thus, DKOmice were used to
allow assessment of transgene-produced hFVIII-SQ levels without
interference of anti-human FVIII antibody formation, as we observed
anti-hFVIII antibodies in wild-type mice after 4 weeks.17 For these
studies, RAG2�/�mice, DKOmice, or wild-typemice (C57BL/6J; Jack-
son Laboratories) were used as the test animals. DKOmicewere bred in
house, established by breedingmale RAG2�/� with female FVIII�/� to
generate the first filial generation of heterozygotes. Mating first filial
mice yielded mice homozygous for both mutations at a frequency
approximating one in eight offspring. Male and female DKO mice
were mated to each other to stably propagate the line.

The mice were housed inMakrolon cages with microisolator caps and
contact bedding throughout the in-life portion of the study. Animals
were provided with free access to a standard rodent chow and drink-
ing water. The animal room was maintained under artificial lighting
on a 12-h-light/dark cycle. Ambient temperature was maintained at
21�C ± 3�C and humidity at 30%–80%.
Preparation of test articles

The stock solution of AAV5-hFVIII-SQ (2.98 � 1013 vg/mL) was
manufactured by Brammer Bio and purified and formulated by the
rapy: Methods & Clinical Development Vol. 26 September 2022 527
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National Research Council, Canada. AAV5-hFVIII-SQ was used
either undiluted or at a lower concentration using AAV5-hFVIII-
SQ diluted with vehicle (10 mM sodium phosphate, 140 mM sodium
chloride, 2% mannitol, 0.2% Pluronic F-68, pH 7.4). The vehicle was
also used as the control treatment.

In-life procedures

Design of the study comparing different doses in neonates versus
adults are summarized in Figure S1A. Treatments were administered
to 2-day-old neonates or at 8 weeks in adults. Adult mice (n = 50)
were dosed with AAV5-hFVIII-SQ at 8 weeks of age at a dose of
AAV5-hFVIII-SQ 3.5 � 1013 vg/kg (i.e., an absolute dose of
8.9 � 1011 vg/mouse) by tail vein. The neonatal group consisted of
eight groups of ten 2-day-old mice. The mice received either the
same absolute vector genomes as adults (i.e., 8.9 � 1011 vg/mouse;
six cohorts) or the infusion based on body weight (i.e., 3.5 � 1013

vg/kg; two cohorts) by temporal vein, as described in previous work
by Sands. In addition, 27 age-matched control male DKO mice
were infused with vehicle at the age of 2 days and 1, 3, 5, 8, 11, 13,
and 16 weeks of age. Adult mice that received AAV5-hFVIII-SQ
were euthanized at 24 h or at 1, 3, 5, or 8 weeks after infusion.
Neonatal mice that received AAV5-hFVIII-SQ were euthanized
24 h and 1, 3, 5, 8, and 16 weeks after infusion.

Design for the study comparing results in mice dosed at ages 1–
8 weeks is summarized in Figure S1B. Vector doses were selected
such that all animals received approximately the same number of
AAV5-hFVIII-SQ vector genomes based on the number delivered
via a 6 � 1013 vg/kg infusion to 8-week old mice. DKO mice aged
2, 4, 6, and 8 days (n = 10 per group) were dosed with � 1 � 1012

AAV5-hFVIII-SQ, which corresponded to weight-adjusted doses of
1.5 � 1014, 8.7 � 1013, 6.5 � 1013, and 6 � 1013 vg/kg, respectively.
For 1-week old DKO mice, �7.5 � 1011 of AAV5-hFVIII-SQ ge-
nomes were administered, corresponding to 2 � 1014 vg/kg. Addi-
tionally, 30 DKO mice were dosed with vehicle at different ages to
match the ages of treated mice at take-down. Mice that received
AAV5-hFVIII-SQ were euthanized 1, 2, 4, and 12 weeks post dose.

Sample collection

At various scheduled time points after study drug administration,
each mouse was weighed and the body weight recorded. For the
dose study, animals were anesthetized and exsanguinated by cardiac
puncture. Blood was collected into tubes with 0.38% sodium citrate
anticoagulant then centrifuged for 10 min under refrigeration
(approximately 4�C at 1,500 � g relative centrifugal force [RCF]).
Due to volume constraints, plasma was collected into one tube for
the 24-h neonatal group, while plasma was divided into two aliquots
for all other animals. Plasma/red blood cells and buffy coat were
stored at �80�C. Plasma hFVIII-SQ protein levels were measured
at 24 h and 1, 3, 5, and 8 weeks after dosing in adult mice; at 24 h
and 1, 3, 5, 8, and 16 weeks after infusion in neonatal mice; and at
24 h in vehicle-treated animals. For tissue collection from young
mice, the livers were removed and divided into three equal pieces,
with one piece formalin fixed and two pieces fresh frozen in liquid ni-
528 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
trogen. For the extraction of liver from older animals, the medial lobe
was formalin fixed; the rest was divided into two aliquots, snap frozen
in liquid nitrogen, and stored at �80�C. All samples for immuno-
staining were taken from the medial lobe.

In the study comparing mice dosed at ages 1–8 weeks, blood samples
were collected from the inferior vena cava following euthanasia via
carbon dioxide asphyxiation (mice aged 14 days through 70
days ±1 day), or while under isoflurane/oxygen anesthesia followed
by euthanasia and exsanguination (mice aged 84 days through
140 days ±1 day). Blood samples were placed into tubes with 3.2% so-
dium citrate then centrifuged for 15 min under refrigeration (approx-
imately 4�C at 2,800� g RCF). Plasma/red blood cells and buffy coat
were stored at�80�C until analyses of FVIII protein level and protein
activity. Whole liver was excised and weighed. Subsequently, repre-
sentative samples of liver were separated for PCR and histological
analyses.

Histology

All medial liver samples were fixed in 10% formalin for 48 h after
collection. Subsequently, samples were switched to 70% ethanol im-
mersion, placed flat in individual cassettes, and processed routinely
for paraffin embedding within 1 month. Sections 5 mm thick were
stained with hematoxylin and eosin and processed for immunohisto-
chemical detection of hFVIII (1:500, ab139391; Abcam), BiP/GRP78
(1:200, C50B12; Cell Signaling Technology), HNF4a (1:3,000,
ab41898, Abcam), Ki-67 (1:800, ab16667, Abcam), and PHH3
(1:500, MABE939, Millipore). Anti-hFVIII antibody was detected
using donkey anti-sheep IgG (H + L) cross-adsorbed secondary anti-
body conjugated to Alexa Fluor 488 (1:250, A-11015; Thermo Fisher
Scientific). Anti-GRP78 antibody was detected using donkey anti-
rabbit IgG (H + L) highly cross-adsorbed secondary antibody
conjugated with Alexa Fluor 555 (1:500, A-31572; Thermo Fisher
Scientific). Anti-HNF4a antibody was detected using donkey anti-
mouse (H + L) cross-adsorbed secondary antibody conjugated to
Alexa Fluor 555 (1:500, A-31570; Thermo Fisher Scientific). Anti-
Ki67 antibody was detected using donkey anti-rabbit (H + L) cross-
adsorbed secondary antibody conjugated to Alexa Fluor 647 (1:500,
A-31573; Thermo Fisher Scientific). Anti-PHH3 antibody was de-
tected using donkey anti-rat (H + L) cross-adsorbed secondary anti-
body conjugated to Alexa Fluor 488 (1:250, A-21208; Thermo Fisher
Scientific). Whole sections were scanned on a Zeiss Axio Scan.Z1 us-
ing a Plan-Apochromat 20�/0.8 objective with a Hamamatsu Orca
Flash camera. Four images per animal and per group (with regions
of interest including both central and portal veins) were analyzed to
quantify the number of cells with elevated GRP78 signals. Because
GRP78 is endogenously expressed in all hepatocytes, this quantifica-
tion was designed to detect GRP78 immunofluorescence signal above
the endogenous level. Hepatocytes staining positive for hFVIII-SQ
protein, along with IHC intensity per cell, were quantified using Vis-
iopharm image analysis software (Hoersholm, Denmark). Two im-
ages per animal and per group (with regions of interest selected
including both central and portal veins) were used for quantification
of HNF4a, Ki-67 and PHH3. HNF4a was used to label the nucleus of
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hepatoblasts and hepatocytes.35 Ki-67 was used to label the nucleus of
cells in the active phases of the cell cycle (G1, S, G2, and M).36 Label-
ing of PHH3 was used to visualize only the four actual phases of
mitosis and late G2,37 allowing for the distinction between cell prolif-
eration and mitosis. The combination of these three markers allowed
for the clear identification of the subpopulation of proliferating and
mitotic hepatocytes.

Hepatocyte size was determined by outlining the cell membranes of
50 hepatocytes per age group per sample, as identified by a veterinary
pathologist. The cross-sectional area of the outlined cells was
measured in micrometers.

In situ hybridization to detect hFVIII-SQ DNA

Formalin-fixed paraffin-embedded mouse liver sections (5 mm) were
collected on Superfrost Plus slides using RNAse-free conditions. An
RNAscope in situ hybridization protocol was performed using a Ven-
tana Discovery Ultra Autostainer (Tucson, AZ), RNAscope (Newark,
CA), Universal 2.5 Reagent Kit, and custom-generated hFVIII-SQ
probes. Slides were counterstained with 40,6-diamidino-2-pheynylin-
dole and mounted with Fluoromount G. (catalog no. 17984–25, Elec-
tron Microscopy Sciences). Slides were imaged on an Axio Scan.Z1
(Zeiss) slide scanner using a Plan-Apochromat 20�/0.8 objective
equipped with a Hamamatsu Orca Flash camera. Hepatocytes stain-
ing positive for hFVIII-SQ DNA, along with ISH intensity per cell,
were quantified using Visiopharm image analysis software (Hoer-
sholm, Denmark). The total number of positive hepatocytes was
calculated using the following equations:

Total liver volume = liver weight/liver density

Volume of section analyzed = area of region of interest
(ROI) � section thickness.

ROI fraction of liver = volume of section analyzed/total liver volume.

Total positive hepatocytes = positive hepatocytes in ROI/ROI fraction
of liver.

Total liver intensity = mean intensity per cell � total positive cells.

Biochemical analysis

A total of 173 plasma samples were analyzed in duplicate wells for
alanine aminotransferase and 152 were analyzed for hFVIII-SQ levels.
A sandwich enzyme-linked immunosorbent assay was used to mea-
sure levels of hFVIII-SQ protein in sodium citrate-anticoagulated
plasma. The assay used human-specific anti-FVIII capture (GMA-
8023, Green Mountain Antibodies) and detection (F8C-EIA, Affinity
Biologics) antibody pairs to specifically measure human FVIII and
not endogenous mouse FVIII. Briefly, high-binding black polypro-
pylene plates (Nunc MaxiSorp) were coated with 4 mg/mL of anti-
FVIII (domain A2) antibodies. Samples were diluted 1:10 in diluent
buffer (6% bovine serum albumin in 1� tris-buffered saline with
0.1% [v/v] Tween 20) and incubated for approximately 1 h at ambient
Molecular The
temperature. hFVIII-SQ was detected by the addition of sheep anti-
FVIII antibodies conjugated to horseradish peroxidase and incubated
at ambient temperature for 1 h. After the final wash, QuantaBlu sub-
strate solution (Thermo Scientific) was used for detection. The rela-
tive fluorescence units detected on the Molecular Devices
FlexStation 3 instrument were proportional to the levels of hFVIII-
SQ protein in the samples, and the concentrations were extrapolated
from a standard curve. The 11-point standard curve was prepared by
spiking in clinical-grade recombinant B-domain-deleted hFVIII
(Xyntha) in hFVIII-deficient plasma (George King Biomedical)
with the range of 0.684 to 700 ng/mL. The quantitative range for
this assay was determined to be 2.73–700 ng/mL Xyntha (FVIII-
SQ) in neat mouse plasma.

Quantitation of AAV5-hFVIII-SQ vector genome and hFVIII-SQ

RNA transcript in liver

A total of 152 liver samples were analyzed in triplicate wells for total
liver FVIII-SQ DNA and RNA. A liver fragment (�20 mg) from each
animal was homogenized at room temperature in 2-mL LysingMatrix
D tubes (MP Biomedicals) containing 600 mL of RLT buffer (Qiagen).
Total RNA and genomic DNA was extracted using the Qiagen DNA/
RNA/Protein AllPrep kit following the manufacturer’s instructions
for manual extraction. Genomic DNA was eluted in 100 mL of Qiagen
elution buffer, and RNA was eluted in 100 mL of nuclease-free water
(Qiagen). The concentration of the extracted RNA and DNA was
measured using a Nanodrop 2000 spectrophotometer (Thermo Scien-
tific) using 2 mL of samples. Each extracted DNA sample was diluted
to 20 ng/mL and each RNA sample was diluted to 200 ng/mL.

Total levels of hFVIII-SQ vector genomes and RNA were measured
from liver samples in triplicate with a quantitative PCR assay using
probes and primers specific to the hFVIII-SQ transgene. The amount
of hFVIII-SQ DNA and RNA were normalized to the quantity of
input liver DNA, determined by absorbance at 260 nm using a spec-
trophotometer. The quantitative range for the method was 4.31� 101

to 4.31 � 107 copies per reaction.

Identification of vector genome structures

The quantity of circular full-length vector genomes present as epi-
somes and the proportion of concatemeric episomes were identified
from DNA samples using restriction enzymes and ddPCR as previ-
ously described.18 Briefly, DNA samples were digested with PS-
DNAse to eliminate all linear DNA species (including genomic
DNA) and enrich circular genomes. The samples were then used in
ddPCR reactions, which capture a single DNA molecule (either a
monomer or concatemer) and thus quantify the number of circular
genomes present in the sample. In parallel, the PS-DNAse-treated
DNA samples were also treated with the restriction enzyme KpnI,
which cuts once within the vector genome unit, thus separating indi-
vidual vector genome units within the circular genomes. These
doubly treated DNA samples were then used in ddPCR reactions.
The presence of concatemers was inferred if there were increases in
the levels of vector genome upon KpnI digestion compared with
the number of circular genomes identified with only PS-DNAse
rapy: Methods & Clinical Development Vol. 26 September 2022 529
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treatment. Southern blotting was then used to identify the presence of
monomers, dimers, and trimers and the orientation of vector genome
units within concatemers as previously described.18

Statistical analyses

Statistical comparisons between treatment groups were conducted us-
ing one-way analysis of variance (ANOVA) followed by Dunnett’s or
Tukey’s multiple comparison test. Comparisons between FVIII pro-
duction and secretion in neonatal versus adult mice at multiple
time points were performed with a two-way ANOVA using a Sidak’s
multiple comparison. Statistical analyses were performed using Prism
(v 9.0.2, GraphPad).

Distribution of materials and data

Materials and protocols will be distributed to qualified scientific re-
searchers for non-commercial, academic purposes. The AAV5-
hFVIII-SQ vector and the AAV5-hFVIII-SQ vector sequence are
part of an ongoing development program, and they will not be shared.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2022.08.002.
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