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Extensive clinical data from liver-mediated gene therapy tri-
als have shown that dose-dependent immune responses
against the vector capsid may impair or even preclude trans-
gene expression if not managed successfully with prompt im-
mune suppression. The goal of this preclinical study was to
generate an adeno-associated viral (AAV) vector capable of
expressing therapeutic levels of B-domain deleted factor
VIII (FVIII) at the lowest possible vector dose to minimize
the potential Risk of a capsid-mediated immune response
in the clinical setting. Here, we describe the studies that iden-
tified the investigational agent SPK-8011, currently being
evaluated in a phase 1/2 study (NCT03003533) in individuals
with hemophilia A. In particular, the potency of our second-
generation expression cassettes was evaluated in mice and in
non-human primates using two different bioengineered cap-
sids (AAV-Spark100 and AAV-Spark200). At 2 weeks after
gene transfer, primates transduced with 2 � 1012 vg/kg
AAV-Spark100-FVIII or AAV-Spark200-FVIII expressed
FVIII antigen levels of 13% ± 2% and 22% ± 6% of normal,
respectively. Collectively, these preclinical results validate the
feasibility of lowering the AAV capsid dose for a gene-based
therapeutic approach for hemophilia A to a dose level orders
of magnitude lower than the first-generation vectors in the
clinic.

INTRODUCTION
Hemophilia is an X-linked bleeding disorder caused by a deficiency
in coagulation factor VIII (FVIII; hemophilia A) or factor IX (FIX;
hemophilia B). Current therapy for hemophilia is protein replace-
ment using recombinant or plasma-derived clotting factors. The
relatively short half-life of the proteins and the need for an intrave-
nous route of delivery contribute to the burden of treatment. Gene-
based therapy has the potential to markedly improve disease pheno-
type and to substantially lessen the burden of treatment. The
current clinical trials for adeno-associated viral (AAV) vector deliv-
ery of factor IX for hemophilia B have demonstrated promising re-
20 Molecular Therapy: Methods & Clinical Development Vol. 24 March
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sults, with average levels of factor IX activity between 5% and 33%,
depending on the study.1–3

AAV delivery of FVIII for hemophilia A encounters several addi-
tional challenges compared with factor IX delivery. The major chal-
lenge is that, in contrast to factor IX and other transgene products
of similar size, such as factor V, the FVIII protein is poorly ex-
pressed both in vitro and in vivo. Early studies observed low FVIII
expression that was due to inefficient expression of mRNA4,5 and/or
inefficient transport of protein from the endoplasmic reticulum
(ER) to the Golgi.6 Transcriptional silencers and inhibitory motifs
that may contribute to low FVIII expression were identified within
the FVIII coding sequence.7 To overcome this challenge, several
different approaches have been used. One approach is to increase
FVIII transcription and translation using codon optimization.8

Another approach is to use gain-of-function variants of FVIII that
have improved activity, stability, and/or secretion.9–11 Of note, the
use of a hyperactive FIX variant, FIX-Padua, containing a single
amino acid substitution that results in higher specific activity, has
proved advantageous in the clinical gene therapy setting.2 In addi-
tion, the development of minimal regulatory promoter elements,
required because the FVIII cDNA is close to the packaging limit
for AAV, and the use of novel AAV capsids that improve transduc-
tion provide additional opportunities to increase FVIII expression
and lower the vector dose.
2022 ª 2021 The Authors.
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Figure 1. Introduction of furin variants into a first-

generation codon-optimized sequence improves

hFVIII expression

(A) Schematic of the B-domain deleted hFVIII expression

cassettes. (B) AAV vectors were delivered at a dose of 4 �
1012 vg/kg into hemophilia A/CD4 KO mice (n = 4/group).

The vectors with and without codon-optimized sequences

are labeled as hFVIII-CO and hFVIII, respectively. The D3

andD4 furin variants were introduced into codon-optimized

constructs, generating hFVIII-CO-D3 and hFVIII-CO-D4,

respectively. Human FVIII plasma levels were assayed us-

ing ELISA. *p < 0.05, Kruskal-Wallis one-way ANOVA vs

hFVIII. (C) Hemostatic challenge of AAV-treated animals.

The tail clip assay was performed at 6 weeks after vector

administration. *p < 0.05, Kruskal-Wallis one-way ANOVA;

ns, non-significant versus wild-type (WT) PBS. (D) AAV

vectors carrying either hFVIII-CO or hFVIII-CO-D3 cas-

settes were administered to hemophilia A/CD4 KO

mice at three different doses (2 � 1011, 8 � 1011, and 4 �
1012 vg/kg). Shown are hFVIII levels measured using ELISA

after vector administration. *p < 0.05, Kruskal-Wallis one-

way ANOVA versus hFVIII-CO Low. Results in panels B-D

are represented as mean ± standard error of the mean.
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Clinical experience with intravenously administered AAV vectors has
revealed that the AAV vector dose may be limiting. An AAV capsid-
directed CD8+ T cell response can eliminate transduced cells, leading
to a self-limited transaminase rise and a rapid decline in clotting fac-
tor levels.12 Although our understanding of AAV immunogenicity is
incomplete, as evidenced by differential immune responses observed
among clinical trials,13 there is consensus that the immune response
to the AAV capsid is less likely to be observed at low vector doses.
Although investigations are still ongoing, systemic delivery of high
AAV vector doses may be associated with toxicities in some patients
in a clinical study of X-linked myotubular myopathy.14,15 These re-
sults have implications for other genetic diseases that are candidates
for AAV gene therapy and suggest that using the lowest possible vec-
tor dose necessary to achieve therapeutic expression of the transgene
product may decrease the risk for toxicity and eliciting a capsid-medi-
ated immune response.

In order to achieve therapeutic levels of FVIII while reducing the
AAV vector dose, we carried out a multi-pronged development
plan to increase FVIII expression from our AAV vectors. Specifically,
codon-optimized (CO) sequences were introduced into an expression
cassette that uses a modified promoter element and delivered using
novel AAV capsids into hemophilia Amice and non-human primates
(NHPs). Variants of FVIII that have increased activity and improved
Molecular Therapy: Methods
secretion were also explored for further enhance-
ment of FVIII expression after AAV delivery. We
also compared the effectiveness of two novel bio-
engineered capsids. The studies presented here
identified investigational SPK-8011, an AAV vec-
tor that contains the first bioengineered capsid to
be evaluated clinically in a phase 1/2 study for the treatment of hemo-
philia A (NCT03003533).16

RESULTS
Optimization of the hepatocyte-specific transthyretin promoter

increases FVIII expression

The size of the B-domain deleted FVIII coding sequence is 4.37 kb,
and the inverted terminal repeats (ITRs) combined account for
approximately 300 bp. This imposes a stringent limitation on the
size of the regulatory elements, as packaging efficiency declines
precipitously above approximately 5 kb.17,18 In order to increase
FVIII expression, we placed a codon-optimized, B-domain deleted
FVIII sequence under the control of a hepatocyte-specific
transthyretin promoter (TTRm) containing a modification of a
hepatocyte nuclear factor transcription factor binding site that in-
creases the binding affinity of the transcription factor leading to
increased expression (Figure 1A).19 Delivery of AAV8 vectors us-
ing the parental TTR (TTR-hFVIII-CO) or the modified (TTRm-
hFVIII-CO) promoter into immune-deficient hemophilia A
(F8�/�/CD4�/�) mice resulted in levels of human FVIII (hVIII)
expression that were 91 ± 24 and 435 ± 96 ng/mL, respectively (Fig-
ure S1A). Given the approximately 4-fold increased potency of the
modified TTR promoter, we used it in all the subsequent studies
described below.
& Clinical Development Vol. 24 March 2022 21
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Introduction of furin variants into codon-optimized FVIII further

increases FVIII expression

We have previously demonstrated that complete or partial deletion of
the furin recognition site at residues 1645–1648 in the wild-type (i.e.,
non-codon-optimized) FVIII-BDD sequence results in increased
secretion following hepatic gene transfer of AAV8 vectors.9 To deter-
mine if the increases in hFVIII expression obtained through codon
optimization and the introduction of the furin variants were additive,
we introduced the deletion of residues 1645–1647 (D3) or 1645–1648
(D4) into the CO cassette (Figure 1A). These constructs were pack-
aged into the AAV-Spark100 capsid, the same capsid used in a phase
1/2 study for hemophilia B.2 The levels of FVIII expression after de-
livery of 4 � 1012 vg/kg (1 � 1011 vg/mouse) AAV-Spark100 were
254 ± 67 and 156 ± 18 ng/mL for CO-D3 and CO-D4, respectively,
compared with 97 ± 28 ng/mL for the CO sequence alone at 8 weeks
after vector administration (Figure 1B). At 24 weeks after vector
administration, the CO-D3 and CO-D4 variants had levels of FVIII
expression that were similar to each other and not statistically
different (Figure S1B). Consistent with our previous studies with
the furin variants in the context of hFVIII-BDD,9 the increased pro-
coagulant activity of the D3 and D4 variants was due to 2- to 3-fold
higher expression compared with CO and not to increased specific ac-
tivity (data not shown). The hemostatic function of all the variants
was assessed using a tail clip assay following the administration of
4 � 1012 vg/kg AAV-Spark100. At this vector dose, the AAV-
hFVIII-BDD-treated hemophilia A mice had blood loss that was
similar to that of the untreated hemophilia Amice (Figure 1C). As ex-
pected on the basis of the high levels of circulating hFVIII, the CO-,
CO-D3-, and CO-D4-treated mice had significantly reduced blood
loss that was similar to that of wild-type mice.

To assess whether the increased potency of the furin variants was
consistent across different vector doses, the CO and CO-D3 cassettes
were administered to immune-deficient hemophilia A mice using
three different AAV-Spark100 doses: 2 � 1011, 8 � 1011, and 4 �
1012 vg/kg (Figure 1D). At 12 weeks after vector administration, the
levels of hFVIII expression after AAV-CO delivery were 12 ± 2,
21 ± 3, and 104 ± 26 ng/mL for the low-, mid-, and high-dose cohorts,
respectively. For the AAV-CO-D3 group, the levels of expression
were 36 ± 12 ng/mL for the low-dose, 99 ± 26 ng/mL for the mid-
dose, and 187 ± 59 ng/mL for the high-dose group. Comparison of
the 4 � 1012 vg/kg dose of AAV-CO and the 8 � 1011 vg/kg dose
of AAV-CO-D3 demonstrated that the CO-D3 construct achieved
the same levels of expression at a 5-fold lower vector dose. Thus,
the introduction of the D3 furin variant into the CO sequence pro-
vides a strategy for lowering the vector dose.

Second-generation codon-optimized sequences further

increase FVIII expression

To further identify expression cassettes that may improve FVIII
expression compared with CO, we screened 26 different codon-opti-
mized sequences. Each codon-optimized sequence was introduced
into the TTRm-FVIII expression cassette shown in Figure 1A. For
the initial screen, the pAAV plasmids were delivered by hydrody-
22 Molecular Therapy: Methods & Clinical Development Vol. 24 March
namic tail vein injection into wild-type mice. Ten of the 26 codon-
optimized plasmids had 2- to 7-fold higher FVIII expression
compared with CO (Figure 2A) and were selected for AAV produc-
tion using the AAV-Spark100 capsid. Of those, 3 were discarded
because of suboptimal vector yields during manufacturing. AAV vec-
tors carrying these 7 codon-optimized sequences were delivered to
immune-deficient hemophilia A mice at a dose of 4 � 1012 vg/kg.
At 8 weeks after vector administration, the highest levels of hFVIII
expression were observed for codon-optimized cassettes 07, 11, and
12. Specifically, circulating hFVIII levels were 550, 425, and 425 ng/
mL, respectively, compared with CO (25–40 ng/mL) (Figures 2B–
2D). These three constructs were also in the top half of the best per-
forming constructs in the hydrodynamic study. Absolute quantifica-
tion of human FVIII mRNA levels in the liver at the time of sacrifice
showed that cassettes 07 and 12 were substantially better expressers
than both the non-codon-optimized sequence and the first-genera-
tion CO sequence (Figure S2). Cassettes 01, 09, 10, and 16 expressed
in the range of 175–250 ng/mL. To better understand if hydrody-
namic tail vein injection may generally predict performance in the
setting of AAV delivery, we also tested vector potency of two con-
structs that were not high expressers after plasmid injection. Perhaps
not surprisingly, these two vectors had similar expression levels
compared with CO (data not shown).

To determine if the furin variant would result in increased expression
in the context of these second-generation codon-optimized sequences
that express higher levels of hFVIII, we introduced the full deletion of
the furin site from 1645 to 1648 into the 12-FVIII sequence. Consistent
with previous results shown above (Figure 1B), the furin variant 12-D4
yielded expression levels approximately 2- to 3-fold higher than the 12-
FVIII sequence alone, further confirming that introduction of the furin
variant into the codon-optimized sequence results in an additive effect
on FVIII expression after AAV delivery even when FVIII expression is
supra-physiological because of codon optimization (Figure 2E).

Efficacy of novel AAV-hFVIII vectors in non-human primates

The lead codon-optimized hFVIII transgene candidate, construct 07,
was delivered to cynomolgus macaques in two different AAV capsids,
AAV-Spark100 and AAV-Spark200 (originally described as AAV-
LK0320), in two separate dose escalation studies. AAV-Spark100-
TTRm-hFVIII-07, abbreviated SPK-8005, was administered at three
different doses, 2� 1012, 5� 1012, and 1� 1013 vg/kg (Figure 3). Ma-
caques were prescreened for neutralizing antibodies against the AAV-
Spark100 capsid. All treated animals were initially determined to have
a <1:1 titer before vector administration. This was done to ensure suc-
cessful hepatic transduction, as even low anti-AAV antibody titers
inhibit vector uptake by liver cells after systemic delivery.21 All ani-
mals were also negative for the presence of neutralizing antibodies
against FVIII before gene transfer. Human FVIII antigen levels
were followed in the macaques for 8 weeks after AAV delivery using
a transgene product-specific ELISA that does not cross-react with
endogenous macaque FVIII. Antigen levels peaked at about 1 to
2 weeks following vector administration. At 1 week after gene trans-
fer, NHPs transduced with 2 � 1012 vg/kg of SPK-8005 expressed
2022
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Figure 2. Generation of second-generation codon-

optimized FVIII cassettes

(A) Wild-type mice (n = 5/group) were hydrodynamically

delivered 50 mg of plasmids carrying 1 of the 26 novel

codon-optimized sequences, shown as 1–26, and

benchmarked against the first-generation codon-optimized

cassette (CO). Plasma was collected 24 h after hydrody-

namic delivery for FVIII analysis. Average hFVIII levels in the

CO group were given a relative value of 1, and all the other

groups were normalized to this reference. Red bars indi-

cate the constructs that were selected for further study as

AAV vectors. Gray bars indicate the three constructs that

were discarded because of low yields. The dotted line in-

dicates 2-fold over CO. *p < 0.05 versus CO in groups with

FVIII >2-fold difference, one-way ANOVA. (B–E) AAV de-

livery of second-generation codon-optimized sequences.

AAV vectors using the Spark100 capsid and containing the

TTRm-hFVIII-CO sequences were administered to hemo-

philia A/CD4 KOmice at 4� 1012 vg/kg. Human FVIII levels

were measured by ELISA and followed for 8 or 12 weeks.

(B) TTRm-hFVIII-CO compared with codon-optimized se-

quences 07 and 10. *p < 0.05 versus CO, Kruskal-Wallis

one-way ANOVA. (C) TTRm-hFVIII-CO compared with

codon-optimized sequences 09, 12, and 16. *p < 0.05

versus CO, Kruskal-Wallis one-way ANOVA. (D) TTRm-

hFVIII-CO compared with codon-optimized sequences 01

and 11. *p < 0.05 versus CO, Kruskal-Wallis one-way

ANOVA. (E) TTRm-hFVIII-12 compared with a vector con-

taining the TTRm-hFVIII-12 D4 furin variant. *p < 0.05

versus 12, unpaired t test. Results are represented as

mean ± standard error of the mean.
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hFVIII antigen levels of 13% ± 3% (Figure 3A). At 1 week after gene
transfer, average hFVIII levels in two of the three animals in the next
treatment cohort (5� 1012 vg/kg) were 27% ± 0.2% (Figure 3B). Hu-
man FVIII could not be detected in the third macaque in that cohort
at any time point. Upon re-testing of baseline plasma samples, it was
determined that this animal was in fact positive for the presence of
anti-AAV antibodies. Finally, at the highest tested dose of 1 � 1013

vg/kg, hFVIII antigen levels of 47% ± 23% were observed 1 week after
AAV infusion (Figure 3C). As anticipated on the basis of our previous
studies in NHPs expressing human FIX, hFVIII expression declined
in six of the eight animals, concomitant with the appearance of
anti-hFVIII antibodies in these macaques (labeled with an ε sign in
Figure 3). Development of species-specific antibodies to hFVIII has
been previously documented in non-human primates and is likely
due to differences in several amino acid residues between the human
transgene product and the endogenous cynomolgus FVIII.11

Another cohort of cynomolgus macaques (n = 3/dose cohort) was
administered AAV-Spark200-TTRm-FVIII-07, also known as SPK-
Molecular Therapy: Methods
8011 (Figure 4). Human FVIII antigen levels
peaked at about weeks 2–3, with 22.3% ± 6% of
normal hFVIII antigen levels seen in animals
administered 2� 1012 vg/kg of SPK-8011. The an-
imals administered 6� 1012 and 2� 1013 vg/kg of
SPK-8011 expressed hFVIII antigen levels of
62% ± 16% and 153% ± 58%, respectively. As observed in the study
with SPK-8005, eight of the nine animals developed anti-hFVIII anti-
bodies that precluded long-term efficacy follow-up. These preliminary
results suggest that the AAV-Spark200 capsid more effectively trans-
duces non-human primate hepatocytes, leading to levels of hFVIII
expression that are 1.5- to 2-fold higher than AAV-Spark100.

The biodistribution profile of both AAV capsids was analyzed upon
sacrifice of the animals 30 days after vector administration. A total of
21 tissue samples were collected to determine the presence of vector
genomes by qPCR. Three doses of AAV-Spark200 (3 � 1012, 6 �
1012, and 2 � 1013 vg/kg) and a single dose of 5 � 1012 vg/kg of
AAV-Spark100 were analyzed. No signal was detected in any organs
from animals infused with vehicle (data not shown). For both the
AAV-Spark200 and AAV-Spark100 capsids, the highest levels of
vector DNA were detected in the liver (Figure 5). For both capsids,
the next most abundant vector sequences were seen in the spleen,
followed by hepatic lymph nodes in the case of AAV-Spark200
and inguinal lymph nodes in the case of AAV-Spark100.
& Clinical Development Vol. 24 March 2022 23
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Figure 3. Levels of hFVIII in plasma of cynomolgus

macaques after SPK-8005 administration

(A–C) Animals received intravenous administration of either

2 � 1012 (A), 5 � 1012 (B), or 1 � 1013 vg/kg (C) SPK-8005,

also known as Spark100-TTRm-hFVIII-07. Lines represent

individual animals. Human FVIII plasma levels were assayed

using ELISA and represent repeated measurements, ob-

tained by serial bleeding, on the same group of animals

during the course of the study (n = 2 or 3 animals per

cohort). Human FVIII levels measured in vehicle-treated

animals are shown in white squares in all three graphs. ε

denotes detection of anti-FVIII antibodies.
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Importantly, very little vector was observed in the testes and brains
of the animals infused with either vector, with close to four logs
lower vector copies compared with liver (Figure 5). Overall, these
data are consistent with previously published data for other AAV se-
rotypes under investigation in other liver-targeted gene therapy
studies.

In order to assess potential thrombogenesis due to expression of
hFVIII in hemostatically normal cynomolgus monkeys, D-dimer
antigen levels were measured in the SPK-8005 and SPK-8011
studies. In humans, the normal range for D-dimer is less than
500 ng/mL. However, reports on the clinical relevance or even
the normal values of D-dimer antigen levels in cynomolgus ma-
caques are scarce. On the basis of the levels measured before vector
administration, the mean D-dimer antigen levels in the macaques
at baseline were 540 and 582 ng/mL in the SPK-8005 and SPK-
8011 studies, respectively. These baseline values were considered
the upper limit of normal (ULN) for these two cohorts of animals.
Of note, the NHPs express endogenous cynomolgus FVIII, and
thus production of hFVIII as a result of hepatic gene transfer by
definition results in supra-physiological levels of FVIII activity.
Two criteria were used to consider a sample positive: D-dimer an-
tigen levels above the ULN and 20% above an animal’s baseline
level. Sporadic and transient elevations in D-dimer levels were
observed, but overall D-dimers were higher in many NHPs at
baseline than at time points post-AAV administration (Figures
S3 and S4). In the cases in which elevations in D-dimer above
baseline levels were observed, there was no correlation between
24 Molecular Therapy: Methods & Clinical Development Vol. 24 March 2022
the D-dimer levels and coagulation factor levels
(data not shown). Importantly, no vector-
related changes in clinical observations, body
weight, or qualitatively assessed food consump-
tion occurred, and no elevations in aspartate
aminotransferase levels were observed (Figures
S5 and S6). No test vector-related abnormalities
were noted during physical examinations. At
the terminal sacrifice, full necropsies on all
animals were conducted. There were no micro-
scopic findings that were considered direct ef-
fects of SPK-8011 and no vector-related macro-
scopic observations or changes in organ weight
parameters. Taking all these results into account, the no adverse
effect level (NOAEL) in this 30 day study was considered to
be 2 � 1013 vg/kg.

DISCUSSION
Early in the development of gene therapy approaches for hemophilia
A, it became apparent that FVIII RNA and circulating protein levels
were low compared with similarly sized proteins. These low FVIII
levels could be explained, at least in part, by inefficient mRNA expres-
sion and presence of several transcriptional silencers and inhibitory
motifs spread throughout the FVIII coding sequence.5 An additional
limitation was posed by the size of the early constructs, which was
significantly above the ideal packaging limit of AAV vectors. Conse-
quently, the AAV vector dose to achieve therapeutic levels of FVIII in
hemophilia A dogs was significantly higher than the AAV vector dose
to achieve therapeutic levels of factor IX in hemophilia B dogs.22–24 In
addition, these studies in the hemophilia A dog model used a species-
specific transgene (canine FVIII [cFVIII]) to avoid an immune
response to FVIII. However, we have previously shown that canine
FVIII has higher specific activity and is secreted at higher levels
than hFVIII.25 Therefore, it was hypothesized that the use of a human
FVIII transgene might require a higher vector dose to achieve thera-
peutic levels of expression. Indeed, using the same expression cassette,
vector doses of AAV-hFVIII that are 20-fold higher than AAV-cFVIII
are required to achieve similar levels of FVIII expression with these
vectors in hemophilia A mouse models.9 Despite considerable im-
provements in developing more potent FVIII cassettes,11 the chal-
lenge of clinical translation of AAV-FVIII delivery is illustrated by
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Figure 4. Levels of hFVIII in plasma of cynomolgus

macaques after SPK-8011 administration

(A–C) Animals received intravenous administration of either

2� 1012 (A), 6� 1012 (B), or 2� 1013 vg/kg (C) SPK-8011,

also known as Spark200-TTRm-hFVIII-07. Lines represent

individual animals. Human FVIII plasma levels were assayed

using ELISA and represent repeated measurements, ob-

tained by serial bleeding, on the same group of animals

during the course of the study (n = 3 animals per cohort). ε

denotes detection of anti-FVIII antibodies.
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two recent clinical studies, one for the treatment of hemophilia B2 and
the other for the treatment of hemophilia A,26 in which the difference
in vector dose was 120-fold. Thus, developing strategies to increase
hFVIII expression in the setting of gene transfer is critical to the trans-
lation of more efficient AAV-hFVIII delivery approaches. In this
study, we have pursued a multi-step approach to improve expression
from FVIII vectors. At the transcriptional and translational levels, we
took advantage of a more potent promoter and also optimized expres-
sion through two rounds of codon optimization.We also explored the
possibility of modifying the FVIII protein, using furin variants that
have improved secretion. Finally, we used recently described, highly
hepatotropic AAV capsids to increase vector potency. Importantly,
these studies demonstrate that therapeutic levels of FVIII expression
can be achieved at AAV vector doses that are comparable with the
AAV vector doses used in the hemophilia B clinical studies.

Strategies to overcome the bottlenecks in FVIII expression are not new
and began with the use of the B-domain deleted FVIII variant, the first
modified FVIII that resulted in an increase in FVIII mRNA. Although
the FVIII-BDD form had a 17-fold increase in mRNA levels compared
with full-length FVIII, there was only a 30% increase in the secreted
protein.6 Given the size limitation of AAV vectors, the use of an
FVIII-BDD form is mandatory for all AAV-based gene therapies.
Codon optimization may increase expression by improving translation
but also in part by elimination of transcriptional silencers and inhibi-
tory sequences. The first generation of codon-optimized FVIII-BDD
cassettes that we developed resulted in significant increases in FVIII
expression compared with the wild-type FVIII-BDD (Figure 1B).
Next, we introduced further modifications at the DNA level to not
only increase expression of our first-generation cassettes but reduce
Molecular Therapy: Methods
TLR9 signaling after gene transfer via reducing
the amount of CpG dinucleotides from the coding
sequence and thus minimize potential innate im-
mune responses against the vector.27 Administra-
tion of the different codon-optimized constructs
into a hemophilic mouse model demonstrated a
range of hFVIII expression levels with up to a
25-fold difference between the highest and the
lowest expressing cassettes.

In addition, we explored the use of variants of
FVIII that have improved secretion to further
overcome the barriers to FVIII expression.9,10 In our previous studies
with the furin variants in the context of the wild-type hFVIII protein,
the FVIII was secreted at 2- to 3-fold higher levels than the wild-type
hFVIII-BDD alone.9 As codon optimization and the furin variants use
two independent mechanisms to increase FVIII levels in the circula-
tion, we combined these approaches to determine if they could be ex-
ploited together to improve FVIII expression. The introduction of the
furin variants into the codon-optimized sequences also increased the
expression several-fold over the codon-optimized sequence alone
(Figures 1B and 1D). Not surprisingly given the high circulating levels
of FVIII compared with hFVIII-BDD, gene transfer of the new vari-
ants resulted in correction of the bleeding phenotype in hemophilia A
mice (Figure 1C). This demonstrates that introduction of the furin
variant into the codon-optimized sequence results in an additive ef-
fect on FVIII expression after AAV delivery even when FVIII expres-
sion is supra-physiological because of codon optimization.

Despite the increased expression levels generated by the furin variants,
and in order to build upon several years of clinical safety data, we made
the decision to proceed with the development of a vector encoding a B-
domain deleted form of FVIII (i.e., SQ) that is identical to recombinant
FVIII SQ (ReFacto/Xyntha), used for hemophilia A treatment world-
wide and with hemostatic activity similar to that of full-length FVIII
concentrates.28 When packaged into the AAV-Spark100 capsid, the
cassette with the highest potency, TTRm-hFVIII-07, known as SPK-
8005, resulted in the highest expression levels in hemophilia A mice
(Figure 2). On the basis of these results, we performed two studies in
non-human primates using state-of-the-art hepatotropic AAV capsids
(i.e., AAV-Spark100 [Figure 3] and AAV-Spark200 [Figure 4]). The
AAV-Spark200 capsid, also known as AAV-LK03, was identified using
& Clinical Development Vol. 24 March 2022 25
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Figure 5. Biodistribution of vector genomes in tissues

of cynomolgus macaques after SPK-8005 and SPK-

8011 administration

One microgram of genomic DNA was isolated from the

indicated organs 30 days after administration of the vectors

and vector genome presence was analyzed by qPCR. (A)

Tissue biodistribution following administration of 5 � 1012

vg/kg of AAV-Spark100 (n = 4 macaques). (B) Tissue bio-

distribution following administration of 3� 1012, 6� 1012, or

1.2 X 1013 vg/kg AAV-Spark200 (n = 3macaques per dose).

Results are represented as mean vector copy number per

haploid genome ± standard error of the mean.
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a humanized mouse liver model to screen for novel AAV capsids that
efficiently transduce human hepatocytes.20 Using AAV-Spark200-
FVIII, we observed circulating levels of hFVIII that were 1.5- to 2-fold
higher thanwith theAAV-Spark100 capsid. TheAAV-Spark200 capsid
more effectively transduces non-human primate hepatocytes and sup-
ports the approach of using a humanizedmousemodel for AAV library
screening. As expected, vector genomes in the liver increased with
increasing vector doses (Figure 5).Of note, the safety and efficacy results
generated with this novel AAV vector, SPK-8011, constitute the proof
of concept to support our ongoing phase 1/2 clinical study
(NCT03003533) that represents the first use of a bioengineered AAV
capsid in a clinical study for the treatment of hemophilia A.16

As there is a strong correlation between the AAV vector dose and
the immune response to the AAV capsid that has been observed in
26 Molecular Therapy: Methods & Clinical Development Vol. 24 March 2022
humans, the use of the lowest possible vector
dose may minimize the risk for this immune
response that can lead to a reduction of the trans-
gene expression due to CD8+ T cell elimination
of transduced cells.29,30 Although the transient
use of glucocorticoids has been able to attenuate
this immune response in most patients, the lower
AAV dose may minimize the potential immune
response, and thus the goal remains, for this as
for other pharmacologic agents, to achieve thera-
peutic levels at the lowest effective vector dose.
Importantly, preliminary results from our phase
1/2 dose escalation trial appear consistent with
the notion that clinically relevant levels of FVIII
are achieved at doses ranging from 5 � 1011 to
2� 1012 vg/kg, with no evidence of a cellular im-
mune response to transduced hepatocytes.16 The
ability to achieve therapeutic levels of FVIII
expression at AAV vector doses that are compa-
rable with those used in the context of AAV trials
for the treatment of hemophilia B represents a
significant departure from the previously held
notion that AAV gene therapy for hemophilia A
would require significantly higher doses. As a
point of comparison, results from two gene ther-
apy studies in severe hemophilia A subjects
showed that the threshold level above which clinically relevant
expression level is detected is at least 10-fold higher than for other
investigational AAV vectors.26,31 The FVIII expression data in ma-
caques appear largely consistent with preliminary clinical results us-
ing SPK-8011 and suggest that macaques are a good predictor of vec-
tor efficacy in humans for liver-targeted indications.32 Of note, the
highest circulating levels of hFVIII in the primates that received
6� 1012 vg/kg of SPK-8011 were about 100% of normal. In the clinic,
targeting expression levels below 150% of normal would appear pru-
dent, as levels of FVIII above 150% have been associated with throm-
bosis33,34 in normal individuals.

In summary, the preclinical results presented here with this novel
AAV vector, SPK-8011, constitute the proof of concept to support
our ongoing phase 1/2 clinical study for the treatment of hemophilia
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A (NCT03003533). Through the use of second-generation codon-
optimized FVIII sequences and a bioengineered AAV capsid with
specific tropism for human hepatocytes, we were able to achieve clin-
ically relevant levels of FVIII expression in non-human primates at
AAV vector doses that are comparable with those used in the context
of AAV trials for the treatment of hemophilia B. Although these re-
sults are encouraging, more clinical data are required to better under-
stand the safety and efficacy implications of using lower AAV vector
doses.

MATERIALS AND METHODS
Factor VIII transgene constructs

A non-codon-optimized 4,374 bp nucleotide sequence encoding the
B-domain deleted hFVIII-SQ variant described by Lind et al.35 was
used as the primary sequence to generate three first-generation
codon-optimized sequences (CO1, CO2, and CO3) using a commer-
cially available algorithm. The second-generation codon-optimized
F8 sequences were designed to reduce the amount of CpG dinucleo-
tides from the open reading frame. The sequence of second-generation
CO-07 is shown in Figure S7. Each sequence was synthesized and
cloned into a pAAVplasmid containingAAV2 ITRs. Either aminimal
222 bp liver-specific transthyretin (TTR) promoter or a modified
version (TTRm)19 were used along with a 108 bp synthetic intron to
drive transgene expression. The TTRm promoter has a modification
of a hepatocyte nuclear factor (HNF3) binding site that converts it
from a weak affinity site to a site with strong affinity.19 The constructs
contain a 46 bp synthetic poly(A) sequence. The furin variants were
generated in the codon-optimized sequence by deletion of residues
1645–1647 (D3) or residues 1645–1648 (D4), as previously described.9

Animal models

Male hemophilia A exon 16 knockout (KO) mice36 that are also CD4
deficient (F8�/�/CD4�/�, C57BL/6) were used for AAV studies.
Wild-type C57BL/6 mice were used for the hydrodynamic delivery
studies. All procedures were approved by the Institutional Animal
Care and Use Committee at The Children’s Hospital of Philadelphia.
The studies with cynomolgus macaques were performed at Covance
Laboratories. The macaques, obtained from Covance Research
Products, were 2–3 years of age and weighed 3–5 kg.

Hydrodynamic delivery

Plasmid constructs (pAAV-hFVIII) were delivered into 8- to 10-
week-old C57BL/6 mice (Jackson Laboratories) by hydrodynamic
infusion of 50 mg of plasmid DNA in a volume of saline that was
equivalent to 10% of the mouse body weight via the tail vein within
five seconds.37 Three to five mice were injected per construct. Periph-
eral blood was collected in 3.8% sodium citrate via tail transection
24 h after hydrodynamic delivery.

Tail clip assay

The mouse tail was pre-warmed in 37�C saline, the tail was transected
at a 3 mm diameter, and blood was collected for 10 min in warm sa-
line. Total blood loss (microliters) was quantitated by lysing the red
cell pellet, measuring the absorbance at 575 nm, and converting the
Molecul
hemoglobin content using standard curves established with known
amounts of mouse whole blood.38

AAV production and delivery

Recombinant AAV vectors were produced by triple transfection of
HEK293 cells, purified from clarified cell lysates by cation-exchange
chromatography and by cesium chloride gradient centrifugation as
previously described.39–41 Vectors were analyzed using silver staining,
and titers were obtained by Taqman PCR (Applied Biosystems, Foster
City, CA). AAV vectors were generated at the Research Vector Core
at The Children’s Hospital of Philadelphia. The AAV-Spark100 and
AAV-Spark200 (also known as AAV-LK03) capsids have been previ-
ously described.2,20 AAV vectors were administered to 8- to 12-week-
old male hemophilia A/CD4 KOmice (n = 5mice/vector) in a volume
of 200 mL of phosphate-buffered saline/0.001% Pluronic via tail vein
injection. Plasma samples were collected in 3.8% sodium citrate by tail
sectioning. The cynomolgus macaques were administered AAV as an
intravenous infusion via the saphenous vein using a calibrated infu-
sion pump over approximately 30 min.

FVIII antigen and activity assays

hFVIII antigen and activity levels in the mice were determined as pre-
viously described.10 The levels of hFVIII transgene product in cynomol-
gus macaque plasma were quantified using ELISA. Plates were coated
with capture antibody GMA-8024, which recognizes human FVIII
and does not cross-react with endogenous cynomolgus macaque FVIII
(Green Mountain Antibodies; diluted to 2 mg/mL). Plates were washed
and blocked (6% BSA, 0.2% Tween 20 in PBS). Pooled cynomolgus
plasma was spiked with a known concentration of recombinant B-
domain deleted hFVIII (Xyntha Solofuse) for a standard curve. A bio-
tinylated anti-hFVIII antibody (GMA-8023, Green Mountain Anti-
bodies; diluted to 1 mg/mL) was added to the plates to bind to the
captured hFVIII protein, and a peroxidase-conjugated streptavidin sec-
ondary antibody was used for detection (Thermo Fisher Scientific;
1:5,000 dilution). The peroxidase activitywas revealedwith 3,30,5,50-tet-
ramethylbenzidine substrate (TMB). The reaction was stopped with
TMB Stop Solution and then the optical density (OD) was read at
450 nm.

D-dimer assays

D-dimer levels were measured using the ASSERACHROM D-DI kit
from Diagnostica Stago. Plasma samples are added to plastic micro-
plate wells pre-coated with mouse monoclonal anti-human D-dimer
antibody and incubated for 1 h at room temperature. After 5� washes,
rabbit anti-human fragment D antibodies coupled with peroxidase
were added and incubated for 1 h at room temperature. After addition
of the TMB substrate, the reaction was stopped with a strong acid, and
the intensity of the color was directly proportional to the concentration
of D-dimer initially present in the plasma sample.

Digital droplet PCR

Digital droplet PCR (ddPCR) was performed on the QX100 (Bio-
Rad) according to the manufacturer’s recommendations for probe-
based assays. Reverse transcription was performed on RNA using
ar Therapy: Methods & Clinical Development Vol. 24 March 2022 27
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the High Capacity Reverse Transcription Kit (Thermo Fisher Scienti-
fic) in 20 mL total volume. cDNA was diluted to 5 ng/mL of starting
material with nuclease-free water, and 10 mL was used for ddPCR as-
says, each sample was run in triplicate. All ddPCR assays were multi-
plexed and performed in 20 mL reactions. All ddPCR assays were syn-
thesized by IDT. FVIII assays were synthesized with a FAM reporter
dye (primer/probe sequences shown in Figure S2). AHEX-containing
reference assay (GusB: Mm.PT.39a.22214848) was included in each
well for normalization.

Statistics

All data are shown as mean ± SEM except as otherwise indicated. Fig-
ures 3 and 4 show individual animal values. The statistical tests per-
formed and a summary of the statistical data and analysis for Figures
1 and 2 are shown in Figure S8. Data analyses were performed using
GraphPad Prism 9.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2021.11.005.
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