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Recombinant adeno-associated virus (AAV) is an effective
platform for therapeutic gene transfer; however, tissue-tropism
differences between species are a challenge for successful trans-
lation of preclinical results to humans. We evaluated the use of
in vitro primary hepatocyte cultures to predict in vivo liver-
directed AAV expression in different species. We assessed
whether in vitro AAV transduction assays in cultured primary
hepatocytes from mice, nonhuman primates (NHPs), and
humans could model in vivo liver-directed AAV expression of
valoctocogene roxaparvovec (AAV5-hFVIII-SQ), an experi-
mental gene therapy for hemophilia A with a hepatocyte-selec-
tive promoter. Relative levels of DNA and RNA in hepatocytes
grown in vitro correlated with in vivo liver transduction across
species. Expression in NHP hepatocytes more closely reflected
expression in human hepatocytes than in mouse hepatocytes.
We used this hepatocyte culture model to assess transduction ef-
ficacy of a novel liver-directed AAV capsid across species and
identified which of 3 different canine factor VIII vectors pro-
duced the most transgene expression. Results were confirmed
in vivo. Further, we determined mechanisms mediating inhibi-
tion of AAV5-hFVIII-SQ expression by concomitant isotreti-
noin using primary human hepatocytes. These studies support
using in vitro primary hepatocyte models to predict species
translatability of liver-directed AAV gene therapy and improve
mechanistic understanding of drug-drug interactions.

INTRODUCTION
Recombinant adeno-associated virus (AAV) vectors are often used
in gene therapy to deliver therapeutic transgenes and transduce
numerous tissue types across multiple species. Advantages of AAV
vectors for gene transduction include lack of pathogenicity and low
genome integration frequencies.1–4 Studies of AAV vectors of multi-
ple serotypes demonstrate differences in AAV transduction efficiency
between mice, nonhuman primates (NHPs), dogs, and humans.2,5–10

Thus, using animal data to estimate appropriate dosing in humans
can result in an incorrect estimation of doses needed to reach thera-
peutic levels of transgene expression.11
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AAV hepatic transduction for monogenic diseases, such as hemo-
philia A and B, is being studied in several ongoing clinical trials,
as these diseases allow the use of clinically validated bio-
markers.12–14 Among serotypes studied, AAV5 shows promise for
translatability and species scaling when used as a vector for
B-domain-deleted (BDD) coagulation factor VIII (FVIII) protein.9

The investigational gene therapy valoctocogene roxaparvovec
(AAV5-hFVIII-SQ) is a replication-incompetent AAV5 vector con-
taining a >4.9-kb genome encoding a codon-optimized SQ variant
of BDD human FVIII (hFVIII-SQ).9,13,15 In a phase 1/2 trial,
AAV5-hFVIII-SQ showed multiyear FVIII expression and effective
bleeding control in 13 patients with severe hemophilia A who
received either a 4 � 1013 or 6 � 1013 vg/kg dose.13,16 In a phase
3 trial, participants who received 6 � 1013 vg/kg experienced a
significant increase from baseline in FVIII activity at 2 years post-
infusion, as well as significantly reduced FVIII utilization and
bleeding compared with their baseline values while receiving
FVIII prophylaxis pre-infusion.17,18

Translatability of AAV transduction and expression across species
continues to be a challenge for development of efficacious gene ther-
apy. Because of the extensive differences in AAV tropism across spe-
cies,2 we sought to determine if in vivo liver-directed AAV vector
expression could be predicted using an in vitro primary hepatocyte
culture model across different species. Specifically, we evaluated
whether in vitro primary hepatocyte expression results across species
would correlate with in vivo findings for AAV5-hFVIII-SQ. In addi-
tion, we assessed and compared transduction efficiency of a novel
liver-directed capsid between mouse and NHPs in vitro and in vivo
and evaluated different BDD-FVIII vector constructs. We then
demonstrated the utility of the primary human hepatocyte model
to study drug-AAV5-hFVIII-SQ interaction by investigating the
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Figure 1. Comparison of hFVIII-SQ vector DNA levels in transduced hepatocytes in vitro and in vivo

In vitro data are mean ± SD, where each point represents an individual donor or a pool of donors. In vitro data were analyzed by two-way analysis of variance with a

subsequent Student’s t test; within MOIs, there were no significant differences between species. In vivo data are mean ± SD. In vivo data were analyzed by two-way analysis

of variance, and there were no significant differences between species except for mouse versus human. Cyno, cynomolgus monkey; FVIII, factor VIII; MOI, multiplicity of

infection; SD, standard deviation. *p < 0.05.
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mechanisms of action (MOAs) mediating the effects of isotretinoin
on FVIII expression.

RESULTS
Characterization and validation of in vitro primary hepatocyte

models by comparing with in vivo data of AAV5-hFVIII-SQ

Cross-species transduction-efficiency variation in vitro could be
attributed to differing methods of cell culture or transduction. To
eliminate this possibility and determine if the same cell culture pro-
tocol could be used to transduce primary hepatocytes from humans,
cynomolgus monkeys, rhesus macaques, and mice (purchased from
Lonza [Basel, Switzerland]), we assessed levels of green fluorescence
protein (GFP) expression after transduction with AAV5-CMV-GFP
by using 3 different ratios of multiplicity of infection (MOI). MOI
ratios of 2 � 105, 1 � 106, and 5 � 106 were chosen; with these
3 MOIs, the virus concentrations in cell culture medium were close
to theoretical blood vector maximum concentrations of 1.2 � 1013,
6 � 1013, and 2 � 1014 vg/kg per dose, respectively, bracketing the
doses used in AAV5-hFVIII-SQ clinical trials. At each MOI tested,
primary hepatocytes from different species expressed GFP, with hu-
man primary hepatocytes having the lowest percentage of cells
scoring GFP positive; this was also demonstrated by GFP enzyme-
linked immunosorbent assay (ELISA) quantification (Figures S1A
and S1B). Overall, cynomolgus monkey and rhesus monkey hepato-
cytes produced 2.5- to 4-fold less protein, and human hepatocytes
produced 24- to 41-fold less protein, than mouse hepatocytes (Fig-
ure S1B). Despite the differences in GFP protein expression between
species, primary hepatocytes from all species studied were success-
fully transduced using the same cell culture protocol. Additionally,
we tested an AAV8 construct in the in vitro system (Figure S1C)
and found that AAV8 transduced mouse hepatocytes better than
NHP and human hepatocytes, similar to trends previously observed
in vivo.14,19
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To validate the in vitro hepatocyte model, we evaluated in vivo
AAV5-hFVIII-SQ vector transduction using the same cell culture
protocol and MOIs. Overall, vector DNA levels demonstrated a
dose response in primary hepatocytes across species transduced
with various MOIs (Figure 1). At each MOI, the same small relative
differences in FVIII DNA copy number were observed across spe-
cies in transduced primary hepatocytes, with cynomolgus monkey
hepatocytes having the lowest copy number. These differences in
DNA copy number across species correlated with in vivo liver-trans-
duction data.

A dose-response pattern was also observed in FVIII RNA transcript
levels in primary hepatocytes following transduction (Figure 2).
Relative differences in RNA transcript levels between species were
maintained at differentMOIs in the hepatocyte models; similar differ-
ences were observed with in vivo results, even though the MOIs used
in vitro bracketed the in vivo doses rather than corresponded to them
exactly (because the dose concentration analysis was done post-
dosing, in vivo doses represented actual doses administered). FVIII
RNA levels observed in cynomolgus monkey and rhesus monkey
hepatocytes were approximately 1- to 5-fold less than in murine pri-
mary hepatocytes (Figures 2A and 2B); in vivo, FVIII RNA levels in
cynomolgus monkey and rhesus monkey livers were approximately
3- to 4-fold less than levels in mouse livers at 6–13 weeks post-
dose. Compared with monkeys, greater relative differences in FVIII
RNA levels were observed in vitro and in vivo between mice and hu-
mans: approximately 21- to 40-fold less in human hepatocytes and
10- to 105-fold less in human livers (Figure 2C). These data show
that relative in vitro primary hepatocyte transduction efficiency
corresponds with relative in vivo liver transduction with AAV5-
hFVIII-SQ. Levels of FVIII protein in the culture media were below
the limit of quantitation (data not shown), and thus we were not
able to compare the in vitro data with in vivo data.
ber 2022
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Figure 2. Comparison of hFVIII-SQ vector RNA

levels in transduced hepatocytes in vitro and in vivo.

(A–C) Comparison of hFVIII-SQ RNA levels in transduced

mouse hepatocytes in vitro and in vivo to hepatocytes

of (A) cynomolgus monkeys, (B) rhesus monkeys, and

(C) humans. ns, not significant: *p < 0.05, **p < 0.005,

and ****p < 0.0001. In vitro data are mean ± SD, where

each point represents an individual donor or a pool of

donors; data were analyzed by two-way analysis of vari-

ance with a subsequent Sidak’s multiple comparisons

test. In vivo data are mean ± SD; data were analyzed by

Student’s t-test. Cyno, cynomolgus monkey; FVIII, factor

VIII; MOI, multiplicity of infection; SD, standard deviation.
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Comparison of novel liver-directed AAV capsid and AAV5

Following successful in vitro transduction of primary hepatocytes
with AAV5-hFVIII-SQ, the applicability of this model to screen novel
capsids was assessed. Two vectors delivering a cynomolgus monkey
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beta-chorionic gonadotropin (bCG) reporter
gene were assessed: AAV-BMN.L3-hAAT-
bCG, which uses a novel liver-targeting capsid,
and AAV5-hAAT-bCG, which uses an AAV5
capsid. In murine hepatocytes at an MOI of
1 � 106, AAV-BMN.L3-hAAT-bCG and
AAV5-hAAT-bCG DNA levels were similar,
while RNA levels were 5-fold less for AAV-
BMN.L3-hAAT-bCG (Figure 3A). In contrast,
in vitro transduction of cynomolgus monkey
hepatocytes was considerably less efficient for
AAV-BMN.L3-hAAT-bCG, as DNA levels
were 8-fold less and RNA levels 90-fold less
than for AAV5-hAAT-bCG. In vivo, transduc-
tion of either vector in mice at 2 � 1013 vg/kg
resulted in similar bCG DNA and RNA levels
in liver, but bCG DNA levels in cynomolgus
liver transduced with AAV-BMN.L3-hAAT-
bCGwere 31-fold less than levels in livers trans-
duced with AAV5-hAAT-bCG, resulting in a
98-fold difference in RNA levels (Figure 3B).
Thus, the observed relative difference in trans-
duction efficiency between the 2 vectors in
mouse and cynomolgus monkey hepatocytes
in vitro predicted transduction efficiency in vivo
in these 2 species. These results suggest that
primary hepatocyte cell cultures may serve as
a beneficial in vitro tool to assess the transduc-
tion efficiency of liver-targeted AAV capsids
across species.

Comparison of AAV5-canine FVIII vectors to

identify the optimal expression constructs

Next, we evaluated the utility of the primary
hepatocyte cell culture system to select
the optimal expression constructs among 3
different AAV5-canine (c) FVIII vector constructs in hemophilia
A model mice and dogs: HLP-nco-cFVIII-SQ (construct 1),
HLP-co-cFVIII-SQ (construct 2), and HLP-co-cFVIII-V3
(construct 3). Construct 1 uses a non-codon-optimized cFVIII,
ical Development Vol. 26 September 2022 63
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Figure 3. Transduction of a novel AAV capsid in

hepatocytes in vitro and in vivo

(A and B) Comparison of transduction efficiency between a

novel AAV capsid (AAV-BMN.L3-hAAT-bCG) with AAV5-hAAT-

bCG using bCG as a reporter gene in mouse and cynomolgus

monkey showing (A) DNA copy numbers and RNA transcripts in

in vitro primary hepatocytes and (B) liver DNA copy numbers

and RNA transcripts in vivo. Data are mean ± SD. AAV, ad-

eno-associated virus; bCG, beta-chorionic gonadotropin;

Cyno, cynomolgus monkey; SD, standard deviation.
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while constructs 2 and 3 use codon-optimized cFVIII; construct 3
also contains an additional V3 linker sequence that facilitates
transit through the endoplasmic reticulum.20 Using an MOI of
1 � 106 for in vitro transduction, all 3 vector constructs demon-
strated similar FVIII DNA copy numbers in mouse hepatocytes.
However, when examining RNA levels in mouse hepatocytes
across constructs, construct 1 produced the lowest level of RNA
transcripts. In particular, both constructs 2 and 3 produced
approximately 8-fold greater in vitro RNA levels compared with
construct 1 (p < 0.0001; Figure 4A). These in vitro results corre-
lated with in vivo data, with all 3 constructs showing comparable
in vivo DNA copy numbers in mice, but constructs 2 and 3 had
significantly greater RNA transcript numbers compared with
construct 1 (p < 0.05 and p < 0.01, respectively; Figure 4B). In
addition, FVIII plasma protein levels were significantly higher in
mice dosed with constructs 2 and 3 versus construct 1 (p < 0.01;
Figure 4C). Similarly, in dog primary hepatocytes, all 3 vector con-
structs demonstrated similar FVIII DNA copy numbers, while
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constructs 2 and 3 had significantly higher RNA
transcript levels than construct 1 (p < 0.01; Fig-
ure 4D). At week 26, FVIII activity in plasma in
hemophilia A dogs dosed with AAV5-cFVIII was
greater with constructs 2 and 3 compared with
construct 1 (Figure 4E), mirroring the in vitro
RNA results. In the primary in vitro system,
cFVIII-SQ protein was not detected, likely because
amounts were below the assay detection threshold.
Thus, the RNA results from the in vitro hepatocyte
model predicted the in vivo outcomes for 3
different constructs in mice and dogs.

Effect of isotretinoin on FVIII expression

In the phase 3 trial of AAV5-hFVIII-SQ (NCT
03370913), concomitant isotretinoin, a synthetic reti-
noid used to treat severe acne, temporarily decreased
FVIII activity without alanine aminotransferase
(ALT) elevation in 1 participant. Specifically, this
participant’s FVIII activity, as measured by chromo-
genic substrate assay, declined from 75 IU/dL at
week 62 to <3 IU/dL at week 64 after initiating isotret-
inoin. Following discontinuation of isotretinoin at
week 72, his FVIII activity partially recovered to 46
IU/dL at week 122 (Figure 5A). We hypothesized that an interaction
between isotretinoin and AAV5-hFVIII-SQ may contribute to the
observed change in FVIII activity, although no such interaction has
been reported before.

We therefore used the primary human hepatocyte in vitro model
to understand the potential mechanisms mediating the temporal
effects of isotretinoin on FVIII transgene expression to explain
these results observed during the clinical trial. The effect of isotret-
inoin could be though modulation at the vector genome level, on
transcription from AAV5-hFVIII-SQ, over FVIII-SQ protein pro-
duction and/or secretion, through direct inhibition of circulating
FVIII activity, or through interference with the chromogenic assay.
Incubation using different doses of all-trans retinoic acid (ATRA),
the most active metabolite of isotretinoin, with recombinant
FVIII-SQ protein spiked in human FVIII-deficient plasma demon-
strated that ATRA did not directly suppress FVIII activity
(Figure S2A).
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Figure 4. Assessment of transduction of cFVIII

constructs in hepatocytes in vitro and in vivo

(A–E) Comparison of cFVIII DNA and RNA for 3 vector con-

structs for (A) in vitromouse hepatocytes and (B) in vivomouse

liver, (C) canine FVIII protein in mouse plasma, (D) cFVIII DNA

and RNA dose response for in vitro canine hepatocytes, and

(E) FVIII activity in dog plasma. *p < 0.05, **p < 0.01, and

****p < 0.0001. Data were analyzed with a one-way analysis

of variance. Construct 1 is HLP-nco-cFVIII-SQ, construct 2 is

HLP-co-cFVIII-SQ, and construct 3 is HLP-co-cFVIII-V3.

Data are mean ± SD. In (E), data are from single dogs; one

dog per construct. Co, codon-optimized; cFVIII, canine

FVIII; FVIII, factor VIII; HLP, hybrid liver promoter; MOI, multi-

plicity of infection; nco, non–codon-optimized; SD, standard

deviation.
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Figure 5. Investigation of the effect of isotretinoin on FVIII expression using the in vitro model.

(A) Clinical outcomes and isotretinoin use in a clinical trial participant who received a single 6 � 1013 vg/kg dose of valoctocogene roxaparvovec. (B–G) Effects of 2-day iso-

tretinoin treatment on (B) FVIII DNA copies, (C) FVIII RNA transcripts, and (D) CYP26A1 gene expression, and 4 days post-isotretinoin removal on (E) FVIII DNA copies, (F) FVIII

RNA transcripts, and (G) CYP26A1 gene expression in transduced human hepatocytes. *p < 0.05, ***p < 0.005, and ****p < 0.0001. Data are mean ± SD. Data were analyzed

with a one-way ANOVA. FVIII activity was measured per CS assay (LLOQ, <3 IU/dL). In the 5- and 500-ng/mL groups, cells were collected for analysis after 2 days of treat-

ment with isotretinoin. In the withdrawal groups, isotretinoin was applied for 2 days, then treatment was withdrawn for 4 days, and cells were collected for analysis. ALT,

alanine aminotransferase; BL, baseline; CS, chromogenic substrate; FVIII, factor VIII; LLOQ, lower limit of quantitation; SD, standard deviation; Veh, vehicle.
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In human primary hepatoctyes transduced with AAV5-FVIII-SQ at
an MOI of 1 � 106, isotretinoin at doses of 5 and 500 ng/mL (doses
correspond to 0.01� and 1� Cmax, per suggested dosing, respec-
tively21) had no effect on FVIII vector DNA levels (Figure 5B).
However, isotretinoin significantly decreased FVIII RNA levels by
approximately 50% (p < 0.05 and p < 0.01 at 5 and 500 ng/mL, respec-
tively; Figure 5C). Interestingly, the suppression of FVIII RNA levels
by isotretinoin did not occur in a dose-dependent manner, unlike the
typical canonical response shown by CYP26A1, a direct target gene of
retinoic acid receptors (Figure 5D).22 Following removal of isotreti-
noin, FVIII DNA copy numbers remained unchanged (Figure 5E).
For high-dose isotretinoin treatment, FVIII RNA levels showed a par-
tial recovery approximately 4 days following isotretinoin withdrawal,
but for cells treated with low-dose isotretinoin that was subsequently
66 Molecular Therapy: Methods & Clinical Development Vol. 26 Septem
withdrawn, FVIII RNA levels showed a reversal to a level similar to
vehicle-treated controls (p > 0.05; Figure 5F). The CYP26A1
mRNA level dropped to basal levels 4 days following isotretinoin
withdrawal at either low- or high-dose treatment (Figure 5G). Addi-
tionally, no substantial changes in ALT levels were observed following
treatment with both low- and high-dose isotretinoin, consistent with
results in the clinical trial participant, suggesting no direct toxicity to
hepatocytes and consistent with no change in the amount of vector
DNA (Figure S2B).

In summary, results from the study assessing isotretinoin suppression
of FVIII expression in human hepatocytes demonstrated that isotret-
inoin did not decrease hFVIII-SQ vector DNA but did decrease
hFVIII-SQ RNA levels by approximately 50%. With high-dose
ber 2022
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isotreinoin, this effect was partially reversed with the removal of iso-
tretinoin, consistent with clinical observations. As the 500 ng/mL
concentration that corresponds to 1� Cmax, this higher dose likely
mimics the clinical blood concentration resulting from daily isotreti-
noin dosing more accurately than the lower dose.

DISCUSSION
In this study, we demonstrated that the same cell culture conditions
and protocol can be used to transduce primary hepatocytes derived
from mice, cynomolgus monkeys, rhesus monkeys, dogs, and hu-
mans. While AAV-driven GFP protein expression levels varied across
species, with mouse hepatocytes producing the most GFP and human
the least, all were successfully transduced using the same methods.
Moreover, in vitro cell cultures of primary hepatocytes from these
species were successfully transduced with AAV5-FVIII-SQ, and in
general, FVIII DNA and RNA copy numbers showed a dose response
in primary hepatocytes transduced with different MOIs. Although
FVIII protein was not detected here in vitro, liver FVIII RNA corre-
lates with secreted FVIII protein.9 In all 4 species, the FVIII DNA and
RNA results from the in vitro primary hepatocyte transduction exper-
iment corresponded with in vivo liver transduction. We also demon-
strated the utility of the in vitro hepatocyte model system for
screening in vivo transduction efficiency of liver-directed novel cap-
sids in mice and cynomolgus monkeys; again, in vitro results success-
fully modeled those observed in vivo. The in vitro system also success-
fully recapitulated in vivo outcomes of 3 different AAV5-c FVIII
vector constructs in mice and dogs. Finally, we used the in vitro pri-
mary human hepatocyte model to investigate the effects of isotreti-
noin on FVIII expression following AVV5-FVIII-SQ transduction,
illustrating the utility of this model in investigating potential drug-
drug interactions following gene therapy and the mechanism
underlying these. Overall, our results suggest that the in vitro primary
hepatocyte model can be used to screen novel liver-targeted AAV
capsids and will support future study of the MOA of liver-directed
AAV gene therapy.

Current challenges with liver-directed AAV gene therapy include sus-
tained expression, tropism translatability, limited efficiency in target-
ing of hepatocytes, and variability of response.2,5–10,13–15,23 Themodel
system we present here provides an in vitro platform utilizing readily
accessible primary hepatocytes. This system can be used to address
the challenges of AAV gene therapy by more easily investigating
transduction and transgene expression efficiency cross-species using
novel AAV capsids and vectors, with rapid results that predict those
seen in vivo. Our results suggest that in vitro RNA expression is a bet-
ter predictor than DNA levels for in vivo results. This in vitro model
can therefore be used to facilitate rapid screening, and promising con-
structs can be rapidly identified and prioritized for further experi-
mentation. Furthermore, the human primary hepatocyte model offers
an accessible platform for investigating molecular processes involved
in transgene expression, such as drug-drug interactions and inter-
subject variability by using multiple donors. We have recently applied
this in vitro hepatocyte model to identify the mechanisms of interac-
tions between the antiretroviral drug efavirenz and AAV5-hFVIII-SQ
Molecular Th
that lead to loss of transgene expression in a clinical trial participant
included the suppression of transcription.24

A limitation of this study is that systemic effects, such as immunoge-
nicity and tissue distribution, cannot be investigated. Other than
enforcing multiple washing steps, no extra procedures were taken
to remove untransduced AAV particles sticking outside of hepato-
cytes in our experiments, which might lead to an over-estimation of
vector copy numbers in the system.25 The short culture duration of
this model also limited our ability to determine long-term transgene
expression. This model was also not designed to predict or guide
clinical dosing. Although we have some preliminary data suggesting
the transduction of AAV8 in our system also displays a relative trend
in potency (mouse > monkey > human) between different species
corresponding to published in vivo results,14,19 the application of
this system for other AAV serotypes needs further investigation.
The relatively weak capacity of the in vitro model to synthesize,
fold, or secrete large AAV-mediated proteins such as FVIII, as
observed here, limits evaluation that can be done downstream of
transduction and transcription for these transgenes. In particular,
FVIII protein is known to be poorly secreted from the endoplasmic
reticulum, and hepatocytes might not be equipped to produce and
secrete FVIII protein efficiently, limiting the utility of this in vitro
model to assess FVIII protein levels secreted in the media.26 It should
also be noted that use of codon-optimized sequences would have
increased RNA expression. In the study examining cFVIII constructs,
the primary hepatocytes used in the in vitro analyses did not come
from hemophilia models; future establishment of in vitro hepatocyte
cell culture lines from hemophilia A model mice and dogs may prove
to be a useful tool. Finally, in vivo, multiple liver cell types spatiotem-
porally cooperate with hepatocytes to maintain liver functions,
including hepatic stellate cells, Kupffer cells, and liver sinusoidal
endothelial cells; this may impact AAV transduction, expression,
secretion, and immune response in vivo.12 The current in vitro pri-
mary hepatocyte model does not reflect this complicated in vivo envi-
ronment, but efforts are being made to develop new culture models
such as micro-organ systems that incorporate various cell types
into primary hepatocyte cultures and mimic the liver microenviron-
ment, which may further improve the predictive value of the in vitro
hepatocyte transduction model.

Conclusions

In vitro primary hepatocyte transduction results for AAV5-FVIII-SQ
correlated with previous in vivo liver-transduction data in all species
tested. Moreover, in vitro hepatocyte transduction results for a novel
capsid and 3 different AAV5-c FVIII vectors correlated with in vivo
data, supporting the use of primary hepatocyte models to effectively
screen novel liver-targeting capsids and identify better expression
constructs. In addition, in experiments applying this model to study
drug-drug interactions, isotretinoin did not elicit hepatocyte toxicity
and had no effect on FVIII DNA levels but suppressed FVIII RNA
transcription in human primary hepatocytes, with FVIII mRNA
expression restored approximately 4 days post-isotretinoin removal,
consistent with clinical observations. Consequently, in vitro primary
erapy: Methods & Clinical Development Vol. 26 September 2022 67
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hepatocyte models may be an important tool to screen novel liver-tar-
geted AAV capsids and assess MOAs mediating interactions between
drugs with AAV vectors.

MATERIALS AND METHODS
Vector genome structure

In this study, vectors utilized to transduce primary hepatocytes
included AAV5-CMV-GFP, AAV5-FVIII-SQ (encoding BDD hu-
man or canine FVIII transgenes), AAV5-hAAT-bCG, and AAV-
BMN.L3-hAAT-bCG (a novel liver-targeting capsid delivering a
monkey hAAT-bCG reporter gene). As previously described,
AAV5-hFVIII-SQ is a replication-incompetent AAV5 vector con-
taining a >4.9-kb genome encoding a codon-optimized BDD human
FVIII.9,15 The expression cassette is flanked by AAV2 inverted termi-
nal repeats at the 50 and 30 ends.9 All constructs used a hybrid liver
promoter.

Ethics statement

All in vivo mouse experimentation was performed in accordance
with institutional guidelines under protocols approved by the Insti-
tutional Animal Care and Use Committee of the Buck Institute. All
NHP procedures were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee at
the Charles River Laboratory facility. All canine procedures were
performed in accordance with protocols approved by the Institu-
tional Animal Care and Use Committee at the Queen’s University
facility. Human liver biopsy samples were obtained per protocol
in the phase 1/2 trial; all participants provided written informed
consent, and trial procedures aligned with the Declaration of Hel-
sinki and local regulations.15,27

In vitro study designs

This study was divided into several experiments. In the first set of ex-
periments, the same cell culture condition and protocol were tested to
determine their ability to transduce primary hepatocytes from hu-
mans, cynomolgus monkeys, rhesus monkeys, dogs, and mice and
to determine if in vitro primary hepatocyte transduction correlated
with in vivo liver-transduction data from previous studies for
AAV5-hFVIII-SQ for all species included in this experiment.

The next group of experiments evaluated the applicability of the cell
culture model to screen the novel capsid AAV-BMN.L3-hAAT-bCG,
which delivered a cynomolgus monkey (cyno)-bCG reporter gene,
and compared transduction in vivo versus in vitro. Transduction ef-
ficiency with the novel capsid was compared with AAV5-hAAT-
bCG, which also delivers a cyno-bCG reporter using AAV5.

The last set of experiments studied transduction of AAV5-hFVIII-SQ
into a human model to assess the effect of isotretinoin on FVIII
activity and the MOAs mediating suppression of FVIII activity.
AAV5-h(human)FVIII-SQ, AAV5-hAAT-bCG, and AAV-BMN.L3-
hAAT-bCG were transduced into mouse, human, and NHP primary
hepatocytes, while 3 different constructs of AAV5-cFVIII-SQ were
transduced into mouse and dog primary hepatocytes.
68 Molecular Therapy: Methods & Clinical Development Vol. 26 Septem
To investigate the effect of isotretinoin on FVIII activity, in vitro
transduction of AAV5-hFVIII-SQ at an MOI of 1 � 106 was per-
formed using a human primary hepatocyte model. Six days
following transduction, isotretinoin treatment (Sigma, St. Louis,
MO, USA) was introduced at a dose of either 500 or 5 ng/mL,
and treatment was continued daily, with cell medium collected
every other day to measure ALT levels. These doses were chosen
to correspond to 0.01� or 1� of Cmax per the suggested dosage
of isotretinoin of 0.5–1.0 mg/kg/day with a mean Cmax ranging
from 301 to 862 ng/mL and a serum half-life of approximately
21 h.21 On day 8, cells were collected for FVIII DNA- and RNA-
level expression. For the remaining cells, isotretinoin treatment
was halted in half of the cell cultures, while the remainder were
treated until day 12 and were analyzed for FVIII DNA- and
RNA-level expression.

In vivo liver samples

In the mouse and NHP in vivo studies, animals were administered a
single vector dose, and liver samples were harvested for FVIII DNA
and RNA analysis following euthanasia. Euthanasia was performed
at week 8 in mice, week 6 in rhesus monkeys, and week 13 or 26
for cynomolgus monkeys. Human in vivo liver biopsies were obtained
via transjugular ultrasound-guided percutaneous route at week 140
post-dose from a participant in the phase 1/2 clinical trial.15 A
1 mm by >2 cm long core tissue sample was obtained, and the sample
was flash frozen in liquid nitrogen or an ice/ethanol bath. Samples
were stored in a freezer set to maintain -80�C until nucleic-acid
isolation.

In the study comparing 3 different constructs of AAV5-cFVIII-SQ,
mouse and dog models of hemophilia A were used. Mice were
RAG2/FVIII double-knockout mice, as previously described.9 Hemo-
philia A dog models that display genetic and phenotypic similarities
to severe hemophilia A in humans, including a naturally occurring
intron-22 inversion in the canine F8 gene and a spontaneous bleeding
phenotype, were obtained from Queen’s University (Kingston, ON,
Canada).28–31

Hepatocyte culture

Primary hepatocytes were purchased from Lonza (Basel, Switzerland).
Hepatocyte culture was performed in Bio-Coat collagen I 24-well plates
(Corning, Corning, NY, USA), and thawing medium, plating medium,
and maintenance medium (Lonza, Basel, Switzerland) were used for
hepatocyte cell culture. Cryopreserved hepatocytes were thawed in a
water bath set to 37�C for less than 2 min. Once hepatocytes were
almost completely thawed, the hepatocyte vial was wiped with 70%
alcohol in the biosafety cabinet, and the cells were placed into the thaw-
ing medium using a wide-bore pipette tip to transfer. The thawing me-
dium with the hepatocytes was inverted by hand prior to centrifuga-
tion. Human hepatocytes were centrifuged at 100 � g for 10 min,
NHP cells at 100 � g for 6 min, and mouse hepatocytes at 70 � g
for 5 min. Following centrifugation, the supernatant was aspirated,
and cells were resuspended in 1 mL plating medium with a wide-
bore pipette to achieve single-cell suspension. The suspension
ber 2022
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was mixed with 5-mL plating medium, and hepatocytes were
diluted for ideal concentration for seeding (target concentration was
approximately 1 million ± 20% cells/mL for humans and NHPs, 1
million ± 10% cells/well in a 24-well plate for dogs, and 0.45
million ± 10% cells/well in a 24-well plate for mice). Cells were evenly
dispersed in the wells and then incubated.

In vitro AAV transduction

Twenty hours after seeding, plates were removed from the incubator,
and medium was aspirated and re-plated with 600 mL fresh hepato-
cyte basal medium (HBM). The concentration of AAV virus was
calculated based on MOI, and the AAV virus was prepared in the
HBM at 2 times the target concentration. Following this, 450 mL
HBM was removed, and 150 mL AAV containing HBM was added
to each well (volume was adjusted for mouse cells to achieve compa-
rable MOIs). After 24 h, medium was removed, and cells were washed
with HBM twice before 500 mL HBMwith supplements (Lonza, Basel,
Switzerland) were added per well. Cell cultures were maintained by
changing medium each day, and 6 days following transduction, cells
were collected for measurements.

MOIs at 2 � 105, 1 � 106, and 5 � 106 correspond to a theoretical
blood vector maximum concentration of 1.2 � 1013, 6 � 1013, and
3.5 � 1014 vg/kg, respectively, bracketing the doses used in AAV5-
hFVIII-SQ clinical trials. The calculations are based on the following
assumptions:

� With a 6 � 1013 vg/kg dose, assuming an average body weight
of 70 kg, the participant receives a total of 4.2 � 1015 vg
(6 � 1013 vg/kg � 70 kg)

� Since AAV5-hFVIII-SQ is administered via intravenous (i.v.) in-
jection, all 4.2 � 1015 vg circulate in the blood after dosing

� Assuming that blood is approximately 7%–8% of an adult human’s
weight, a 70-kg participant has a blood volume of 5.6 L
(70 kg � 8%; 1 kg water is equivalent to 1 L)

� The maximum theoretical Cmax of circulating AAV5-hFVIII-
SQ in this participant is therefore 8 � 1011 vg/mL, given
4.2 � 1015 vg/5.6 L = 8 � 1014 vg/L = 8 � 1011 vg/mL

For hepatocytes seeded in 24-well plates with 0.4� 106 cells/well and
0.4 mL medium volume at dosing, the MOI is therefore approxi-
mately 0.8 � 106 (8 � 1011 vg/mL � 0.4 mL/0.4 � 106 cells).

Molecular analyses

DNA and RNA were extracted from primary hepatocytes and frozen
liver samples using AllPrep DNA/RNA Micro Kit (Qiagen, Hilden,
Germany) per the manufacturer’s instructions and quantified by
droplet digital polymerase chain reaction (ddPCR) and/or reverse
transcription followed by quantitative PCR. Roughly 1 pg of DNA
was used per ddPCR reaction, but methods were otherwise as previ-
ously described.32 Concentration of extracted RNA was measured us-
ing a Nanodrop 8000 spectrophotometer (ThermoFisher Scientific,
Waltham, MA, USA) and Quanti-iT RNA Assay kit (ThermoFisher
Scientific) and then diluted to 10 ng/mL. For each sample, 160 ng
Molecular Th
RNA was reverse transcribed to generate first-strand cDNA using
SuperScript VILO Master Mix (Life Technologies, Carlsbad, CA,
USA). No amplification (NA) controls were generated for each sam-
ple by omitting the reverse transcriptase. The cDNA and NA controls
were diluted 1:10 with elution buffer containing 0.05% Pluronic F-68.
Each ddPCR reaction used 5 mL of diluted cDNA, 1� ddPCR Super-
mix for Probes (no dUTP) (Bio-Rad, Hercules, CA, USA), SQ primer
sets (250 nM each), and SQ-FAM probe (900 nM) in a final volume of
25 mL.

A Bio-Rad Auto Droplet Generator was used to generate droplets
from reaction mix and QX200 Droplet Generation Oil for Probes
(Bio-Rad), which were then transferred into a 96-well plate. PCR
was performed in a C1000 Touch Thermal Cycler (Bio-Rad) as fol-
lows: 10 min at 95�C, 40 cycles of 30 s at 95�C and 1 min at 58�C,
10 min at 98�C, and hold at 4�C. Samples were read using a QX200
droplet reader (Bio-Rad), and the total concentration of target se-
quences and linked copies of target sequences were processed with
QuantaSoft software (Bio-Rad). Primer and probe sequences are
provided in Table S1. CYP26A1 ddPCR primers and probes were
purchased from Bio-Rad.

ELISA

Plasma level of cFVIII protein or GFP protein level in cell lysates
from AAV5-GFP transduced primary hepatocytes, and ALT level
in primary human hepatocyte culture medium, were determined by
ELISA according to the manufacturer’s instructions. GFP and human
ALT ELISA kits were obtained from Abcam (Cambridge, MA, USA),
and a Canine FVIII Paired Antibody Set was purchased from Affinity
Biologicals (Ancaster, ON, Canada).

FVIII activity assay

Canine FVIII activity was measured using the Biophen (HYPHEN
BioMed, France) chromogenic FVIII substrate assay. Study samples
were diluted 1:10 in assay buffer and run against a canine pooled
(12–20 normal dogs) plasma standard curve generated by serial dilu-
tions using canine FVIII-deficient plasma.

To test the effects of isotretinoin on FVIII activity in the plasma,
different concentrations of Xyntha (Wyeth Pharmaceuticals, Madi-
son, NJ, USA; 87.5, 43.75, 21.88, 10.94, 5.47, 2.71, and 1.37 ng/mL),
a BDD recombinant FVIII protein, were incubated at 37�C with
vehicle or different concentrations of ATRA (Sigma, St. Louis, MO,
USA; 500, 50, 5, and 0.5 ng/mL), the most potent metabolite of iso-
tretinoin, in plasma from human hemophilia A patients for 2 h. At
the end of the 2-h incubation, the activity of vehicle- or ATRA-treated
Xyntha was measured using COAMATIC Factor VIII Assay (Diaph-
arma, West Chester, OH, USA).

Statistical analyses

Data for transgene DNA and RNAwere analyzed by one-way analysis
of variance or two-way analysis of variance with a subsequent multi-
ple comparison post-test; a p value <0.05 was considered statistically
significant. The statistical analysis is described in each figure. Data are
erapy: Methods & Clinical Development Vol. 26 September 2022 69
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presented as mean ± standard deviation. Statistical analyses were per-
formed in Prism software (GraphPad, San Diego, CA, USA).

Data availability

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.2022.05.008.
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