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Introduction
Hemophilia A (HA) and B (HB) are congenital 
X-linked bleeding disorders resulting from defi-
ciency of coagulation factor VIII (FVIII) and IX 
(FIX), respectively. HA affects one in 5000 male 
births.1 It is a chronic disease characterized by 
spontaneous bleeding into muscles and joints, 
which can progress to debilitating arthropathy 
and significantly affect patients’ quality of life. 
Over the past century, the treatment of hemo-
philia has made major advances (Figure 1). Prior 
to the 1950s, whole-blood transfusion was the 
only available therapy. In the 1950s, while work-
ing at the Karolinska Institute, Margareta and 
Birger Blomback discovered that fraction 1-0 
obtained when plasma was subjected to Cohn 
fractionation contained high concentrations of 
FVIII.2 Subsequently, in 1964, Judith Graham 
Pool discovered that the cryoprecipitate concen-
trated the FVIII further and opened the door to 
the possibility of home infusion.3 During the late 
1960s and 1970s, the fractionation and purifica-
tion process evolved, allowing patients to change 

from cryoprecipitate to plasma-derived concen-
trates, thus making home therapy more and more 
feasible.4–6 Unfortunately, the benefit from these 
purified and more efficient plasma-derived con-
centrates was halted by the transmission of HIV 
and hepatitis B and C through contaminated con-
centrates. Approximately 60–70% of severe 
hemophilia patients contracted HIV and almost 
100% became infected with hepatitis C by the 
1980s;6 a devastating tragedy. In 1984, the FVIII 
gene was cloned, which became one of the most 
promising advancements in the treatment of 
hemophilia, and led to the licensure of recombi-
nant human FVIII (rFVIII) in 1992. Recombinant 
technology, along with enhanced blood product 
screening and viral attenuation protocol, made 
factor replacement products safe from viral trans-
mission. Over the next several decades, with 
increased availability of safe and effective FVIII 
replacement therapies, prevention of joint disease 
through the use of routine infusions became the 
standard of care in most developed countries; 
however, crippling joint disease remains common 
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in countries where factor products are less 
abundant.

After several decades of safe factor products, 
there has been increasing attention paid to other 
complications of factor replacement therapy, such 
as neutralizing anti-FVIII antibody (inhibitor) 
development as well as the burden of care. An 
estimated 30% of severe HA patients develop an 
inhibitor;7 patients with inhibitors are at increased 
risk for severe hemorrhagic events and disability 
due to lack of available effective hemostatic thera-
pies. Although immune tolerance induction can 
be performed to overcome this hurdle, its success 
rate is 59–86% in patients with severe HA.8 Since 
plasma-derived FVIII (pdFVIII) was introduced 
over 40 years ago, it has undergone generations of 
changes to increase the purity and safety of these 
products. However, observations surfaced that 
crude FVIII preparations with higher Von 
Willebrand factor (VWF) content are associated 
with less inhibitor development.9 Ex-vivo studies 
demonstrated a protective effect of VWF against 
endocytosis of FVIII by dendritic cells, thereby 
preventing the uptake of FVIII by antigen pre-
senting cells.10 The C2 domain of FVIII is a bind-
ing epitope for a subset of inhibitors and VWF, 
and the competition for binding at this site 
between inhibitor and VWF may also contribute 
to a protective role of high VWF content against 
inhibitor development and inactivation of 
FVIII.11,12 The RODIN13 and CANAL7 cohort 
studies, as well as EUHASS European surveil-
lance registry,14 failed to show any difference in 
the risk of inhibitor development between 
pdFVIII with large quantities of VWF content 
and rFVIII. However, in the French cohort study, 
rFVIII conferred a higher risk.15 The SIPPET 
study randomized previously untreated or mini-
mally treated patients with severe HA to either 
pdFVIII/VWF or rFVIII.16 A lower incidence of 
new inhibitors was seen with pdFVIII (26.8%, 

95% CI 18.4–35.2) relative to rFVIII (44.5%, 
95% CI 34.7–54.3). However, the hazard ratio 
for high-titer inhibitors was 1.69 with a confi-
dence interval of 0.96–2.98, which crosses 1, thus 
complicating the interpretation of these results. 
Therefore, the difference in risk of inhibitor 
development between pdFVIII and rFVIII, as 
well as the needed modifications to rFVIII that 
would reduce inhibitor development, remain a 
topic of debate.

After inhibitor development, the next major limi-
tation of standard FVIII replacement products is 
the short half-life (8–12 h) as it requires patients to 
receive frequent IV injections (3–4 times per 
week). The burden of frequent infusions to main-
tain an FVIII level that prevents spontaneous 
bleeding events, preserves joint function, and 
allows for sporting activities that promote normal 
physical and emotional development is significant. 
In fact, inconvenience is one of the main barriers 
to treatment adherence.17,18 Lastly, although 
FVIII replacement therapy is readily available to 
developed countries, given the complexities of 
manufacturing rFVIII, having enough affordable 
supply for developing countries remains out of 
reach. It is with these limitations in mind that new 
FVIII replacement products have been and are 
being designed. This review aims to discuss cur-
rent and emerging FVIII replacement products 
for HA. Of note, treatments for HA designed to 
modulate the coagulation system through mecha-
nisms other than replacing FVIII, such as cur-
rently available bypassing agents or novel products 
in development (emicizumab, fitusiran, conci-
zumab, etc.), will not be discussed.

Standard half-life FVIII products
Advances from the first recombinant full-length 
FVIII in 1992 to 2000 focused on removing ani-
mal and human proteins in the production 

Figure 1. Timeline of events impacting the treatment of hemophilia A.
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process. In 2000, Moroctocog alfa (Refacto®), 
the first product with the 908 amino-acid 
B-domain (except a 14 amino-acid linker 
sequence) deleted, was approved by the FDA for 
use in hemophilia. The purpose of B-domain 
deletion is to improve production efficiency and 
has no impact on in-vivo pharmacokinetics or 
immunogenicity. Moroctocog alfa (Xyntha®), 
approved for use in 2008, is produced using an 
albumin-free cell culture process and is the cur-
rently available B-domain deleted (BDD) rFVIII 
product replacing Refacto®.

In 2013, Turoctocog alfa (NovoEight®), which 
contains a B-domain that is truncated to 10 
amino-acids from the N-terminus and 11 amino-
acids from the C-terminus, was approved by the 
FDA following two phase III trials, GuardianTM 1 
and 3,19,20 demonstrating its safety and efficacy as 
prophylaxis and on-demand treatment (Table 1). 
Recently published interim results from 
GuardianTM 2 affirmed the long-term safety and 
efficacy of Turoctocog alfa in the prevention and 
treatment of bleeding events.21 No FVIII inhibi-
tor developed over 4 years, which is a cumulative 
451.6 patient-years exposure. Patients receiving 
prophylactic infusions had a median ABR of 1.88, 
1.65, 1.57, and 1.22 among older children, 
adults, adolescents, and younger children, respec-
tively. Among patients treated with prophylactic 

infusions, 90.5% of bleeds abated with ⩽2 infu-
sions, while 100% of bleeding events in the on-
demand group ceased with one infusion. In 2016, 
Octocog alfa (Kovaltry®), a full-length, unmodi-
fied rFVIII, was FDA-approved based on the 
LEOPOLD I,22 II,23 and Kids24 trials. It has the 
same amino-acid sequence as Kogenate® FS, but 
uses advanced purification techniques to enhance 
production.25 The changes in manufacturing, 
including co-expression of heat shock protein 70 
in the new cell bank, leads to differences in sia-
lylation of the rFVIII. It is believed that these 
changes in sialylation account for the 10% longer 
half-life of Kovaltry® when compared with 
Kogenate® FS in crossover pharmacokinetic stud-
ies.25 It features a low ABR when used as prophy-
laxis in previously treated adult and pediatric 
patients and is able to control bleeding episodes 
with 1–2 infusions.22–24

From 1992 until 2014, approved rFVIII products, 
both full-length and BDD, were expressed in 
mammalian, non-human cell lines, such as 
Chinese hamster ovary (CHO) and baby hamster 
kidney (BHK). Recently, rFVIII protein was 
expressed in a human cell line (rhFVIII), and 
found to have higher VWF-binding affinity due to 
enhanced post-translational modifications (tyros-
ine sulfation).30,31 Simoctocog alfa (Nuwiq®) was 
approved for use by the FDA in 2015. Although, 

Table 1. Standard half-life factor VIII products.

Product Approval 
year

FVIII protein Cell 
line

Mean half-
life, hours

Comparator mean 
half-life (product)

Prophylaxis regimen

Kogenate® FS26 1993 Full length BHK 13.7 – 25 IU/kg 3× per week

Helixate® FS27 1993 Full length BHK 13.7 – 25 IU/kg 3× per week

Advate®28 2003 Full length CHO 12.0 – 20–40 IU/kg every other day 
or every 3 days to maintain 
trough >1%

Moroctocog alfa 
(Xyntha®)29

2008 B-domain deleted CHO 11.2 13.3
(Advate®)

30 IU/kg 3× per week

Turoctocog alfa 
(NovoEight®)19–21

2013 B-domain 
truncated

CHO 10.8 11
(Advate®)

20–50 IU/kg 3× per week or 
20–40 IU/kg every other day

Simoctocog alfa 
(Nuwiq®)32,33,35

2015 Full length HEK 17.1* Bioequivalent 
(Kogenate® FS)

30–40 IU/kg every other day

Octocog alfa 
(Kovaltry®)22–25

2016 Full length BHK 13.4 12.2
(Kogenate® FS)

20–40 IU/kg 2–3× per week

rVIII-single 
chain 
(Afstyla®)37–39

2016 B-domain and four 
amino-acids of a3 
domain deleted

CHO 14.5 13.3
(Advate®)

20–50 IU/kg 2–3× per week

BHK: baby hamster kidney; CHO: Chinese hamster ovary; FS: sucrose-formulated; HEK: human embryonic kidney; IU: international unit.  
*Median, lower/upper quartile: 13.7, 12.0/17.5.

https://journals.sagepub.com/home/tah


Therapeutic Advances in Hematology 8(10)

306 journals.sagepub.com/home/tah

in early phase studies Simoctocog alfa demon-
strated a mean half-life of 17.1 h, it is important to 
note that in the population studied, Simoctocog 
alfa was considered bioequivalent to its crossover 
comparator (Kogenate® FS).32 The median half-
life for Nuwiq® is 13.7 h (Q1, Q3; 12.0, 17.5 h).33 
Thus the impact of higher affinity VWF-binding 
on half-life is unclear and does not suffice for 
Simoctocog alfa (Nuwiq®) to be considered an 
extended half-life product. In previously treated 
adult patients with severe HA, Simoctocog alfa 
had a mean ABR of 2.28, 1.16, and 1.00 for all, 
spontaneous, and traumatic bleeds, respectively 
while receiving prophylactic infusions at 30–40 
IU/kg every other day.32 Simoctocog alfa was 
effective in the management of bleeding and rated 
as ‘excellent or good’ for all 28 (100%) bleeding 
episodes that were treated with Simoctocog alfa in 
the study. Although a small number of surgical 
cases were evaluated in both studies (five in chil-
dren35 and four in adults32), Simoctocog alfa dem-
onstrated ‘excellent’ hemostatic efficacy during 
surgery. Inhibitor development or serious adverse 
events were not observed. Manufacturing of 
rFVIII in human cell lines eliminated the immu-
nogenic glycoforms Galα1-3Galβ1-GlcNAc-R 
(α-Gal) and N-glycolylneuraminic acid (Neu5Gc), 
present in CHO and BHK-derived rFVIII prod-
ucts, which is hypothesized to reduce the risk of 
inhibitor formation to rhFVIII. The impact of 
these modifications on inhibitor development are 
being investigated in the NuProtect study 
[ClinicalTrials.gov identifier: NCT01992549], 
which is ongoing. Preliminary results from a pre-
planned interim analysis demonstrated that eight 
of 66 previously untreated patients (PUPs) who 
had received 20 exposure days developed a high-
titer inhibitor, five developed a low-titer inhibitor, 
and four developed a transient inhibitor. Two 
patients developed an inhibitor after 20 exposure 
days. The cumulative incidence of all inhibitors 
was 20.8% (95% CI 10.68–30.95) and of high-
titer inhibitor was 12.8% (95% CI 4.49–21.25).36 
Whether these preliminary results will hold and 
can be compared with other clinical trial results 
remain to be seen. Final study results are expected 
in 2018.

The single-chain FVIII molecule (rFVIII-single 
chain, Afstyla®), produced in CHO cells, is a novel 
recombinant product in which the coding 
sequences for most of the FVIII B-domain and 
four amino-acids of the adjacent acidic a3 domain 
were removed, resulting in a new N-glycosylation 
site at the junction of the heavy and light chain, 

which leads to expression of rFVIII as a single 
chain.34 Once activated, rFVIII-single chain has a 
sequence identical to that of FVIIIa from endoge-
nous full-length FVIII. These modifications lead 
to a higher affinity for VWF and improved struc-
tural stability during manufacturing and storage.34 
Although VWF can exert a protective effect on 
FVIII from degradation and clearance, the faster 
and tighter binding of rFVIII-single chain to VWF 
may mean a slight prolongation of its half-life when 
compared to Octocog alfa (14.5 versus 13.3 h).37,38 
Since the half-life difference between rFVIII-single 
chain and Octocog alfa is minimal (~10%) and the 
modifications made were not intended to extend 
the half-life, we do not consider rFVIII-single 
chain an extended half-life product. Importantly, 
the activity of rFVIII-single chain is underesti-
mated using a one-stage clot-based FVIII assay, 
therefore a chromogenic assay should be used to 
estimate its activity in patient plasma.43 In clinical 
trials, 93.8% of the 835 bleeding episodes achieved 
‘excellent or good’ hemostatic effect as designated 
by the investigator. Meanwhile, the median spon-
taneous bleeding rate was 0.00 (Q1, Q3: 0.0, 2.4) 
and the median overall ABR was 1.14 (Q1, Q3: 
0.0, 4.2) in patients who received rFVIII-single 
chain across all prophylactic regimens (20–40 IU/
kg every second day or 20–50 IU/kg 2–3 times per 
week or at the investigator’s discretion).39 A sub-
group analysis was also performed to evaluate the 
safety and efficacy of rFVIII-single chain during 
surgery. Of the 13 patients undergoing elective 
procedures, 100% reported to have excellent/good 
hemostasis. rFVIII-single chain was well tolerated 
and showed a favorable safety profile, without 
FVIII inhibitor development.

Extended half-life products
Extended half-life (EHL) products were devel-
oped, as the name implies, to extend the half-life 
of FVIII, resulting in longer infusion intervals. 
Although some of the previously discussed FVIII 
products have slightly longer half-lives and may 
be prescribed twice weekly, they were not 
designed with half-life extension in mind and 
thus are not included in the category of EHL 
products. To extend the time in circulation, 
FVIII can be fused with another molecule, either 
polyethylene glycol (PEG) or the Fc portion of 
immunoglobulin G (IgG).

Fusion of the Fc portion of human immunoglob-
ulin G1 (IgG1) to clotting factors looks to harness 
the neonatal Fc receptor that recirculates 
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immunoglobulins which have a half-life of 21 
days.40 Efmoroctocog alfa (Eloctate®) is an FDA-
approved BDD FVIII-fusion protein (rFVIIIFc) 
with a mean half-life of 19 h which was approxi-
mately 50% longer than Octocog alfa. Although a 
50% longer half-life is an improvement, it is mini-
mal compared to the five-fold half-life extension 
seen with FIX when fused with Fc. This is due in 
large part to the interaction between FVIII and 
VWF, which continues to be the main regulator 
of FVIII clearance.41 The use of this rFVIIIFc 
protein as prophylaxis with dosing tailored to the 
individual patient’s pharmacokinetics (25–65 IU/
kg every 3–5 days) exhibited a median ABR of 
1.6.42 Of 757 bleeding episodes that occurred 
during the study, 87.3% ceased after a single dose 
of rFVIIIFc, whereas 97.8% terminated following 
1–2 doses. Plasma levels of FVIII activity after 
rFVIIIFc infusion can be assayed using either a 
chromogenic or one-stage assay, though both can 
vary significantly by reagent.43 The A-LONG, 
Kids A-LONG, and ASPIRE trials established 
the safety and hemostatic efficacy of rFVIIIFc as 
surgical prophylaxis.44 Patients with severe HA 
enrolled in these studies underwent a total of 22 
major and 32 minor surgeries; the investigators 
ranked the hemostatic efficacy as ‘excellent or 
good’. A phase III trial [ClinicalTrials.gov identi-
fier: NCT02234323] is currently accruing par-
ticipants to evaluate the safety and efficacy of 
rFVIIIFc in previously untreated patients with 
severe HA. This study will elucidate whether we 
can anticipate a lower incidence of inhibitor 
development in children that receive rFVIIIFc; 
however, questions will likely remain given its tra-
ditional design as a single-arm open-label study. 
Nonetheless, these results will be much antici-
pated as it has been demonstrated in mouse mod-
els that rFVIIIFc is able to shift the immune 
response from immunogenic to tolerogenic.45

PEG, a polymer of ethylene oxide with a >20 
kDa molecular weight, has been used to extend 
the half-life of other drugs, such as interferon and 
asparaginase.46 Many PEG–FVIII molecules did 
not reach clinical trials due to interference of 
PEG with the procoagulant activity of FVIII by 
altering its interaction with other molecules. 
However, three EHL products reached clinical 
trials (Table 2).

Rurioctacog alfa pegol (Adynovate®) is composed 
of a 20 kDa branched PEG coupled to a full-
length rFVIII (Advate®). The manufacturers uti-
lized a low, controlled, non-specific site pegylation 

technique to produce approximately 2 moles of 
PEG per FVIII molecule to enhance the pharma-
cokinetic profile of rFVIII.47 Rurioctacog alfa 
pegol has lower binding affinity for the low-den-
sity lipoprotein-related protein (LRP) clearance 
receptor, which may also be a mechanism by 
which its half-life is extended 14–19.6 h, which 
demonstrates a 40% increased half-life when 
compared with Octocog alfa (Advate®). The one-
stage clot assay and chromogenic assay can both 
be used to assay FVIII activity. No significant 
reagent-dependent differences between assays 
have been seen.43 As prophylaxis at 40–50 IU/kg 
twice weekly, a median ABR of 1.9 was observed 
and 36.9% of patients had no bleeding events.48 
Likewise, 96.1% of patients enrolled in the study 
ranked its hemostatic efficacy as ‘good or excel-
lent’. No incidence of inhibitor development was 
reported. A beneficial impact of pegylation on 
immunogenicity has been postulated as pegyla-
tion may interfere with FVIII interaction with 
antigen presenting cells.49 Studies in previously 
untreated patients are ongoing.

Turoctocog alfa pegol (N8-GP) is another novel 
agent featuring a 40 kDa PEG conjugated to a 
B-domain truncated FVIII via site-directed glyco-
pegylation. It is not yet approved for use. N8-GP 
has a half-life of 19 h.50 With N8-GP, significant 
variation in the measured FVIII activity exists 
depending on the assay used, with some reagents 
leading to a significant underestimation.43 A 
phase III study of previously treated adolescent 
and adult patients with severe HA found a median 
ABR of 1.33, with mean ABR of 3.70 when 
N8-GP is used as prophylaxis at 50 IU/kg every 
fourth day.51 N8-GP demonstrated a hemostatic 
efficacy rate of 84.2%. Of the 968 documented 
bleeds, 83.6% of these episodes resolved follow-
ing one injection of N8-GP and 95.5% after two 
injections. Inhibitor development (⩾0.6 Bethesda 
units) against FVIII was reported in one patient 
following N8-GP exposure for 93 days.

BAY 94-9027 is a BDD rFVIII with a cysteine 
codon introduced to allow for site-directed conju-
gation to a single 60-kDa PEG-maleimide mole-
cule.52 A phase I trial compared BAY 94-9027 to 
sucrose-formulated rFVIII (Kogenate® FS) in 
previously treated adults with severe HA.53 BAY 
94-9027 demonstrated a half-life of ~19 h (versus 
~13 h for Kogenate® FS). Plasma FVIII activity 
can be measured accurately using a chromogenic 
assay and a one-stage assay that uses an ellagic 
acid-based reagent.43 Use of a silica-based 
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reagent in the one-stage assay can lead to an 
underestimation of FVIII activity. In the 
PROTECT VIII phase II/III study, BAY 94-9027 
showed a median ABR of 1.9 and 3.9 when given 
as prophylaxis every five (45–60 IU/kg) and seven 
(60 IU/kg) days, respectively, among previously 
treated patients with severe HA.54 BAY 94-9027 
was also shown to effectively achieve hemostasis 
in 90% of bleeds with ⩽2 infusions, and was well 
tolerated without inhibitor development.

Based on these studies, the short-term safety of 
these pegylated molecules is clear. Supporting 
long-term safety, patients with other conditions 
have been exposed to pegylation for years without 
untoward consequences. However, raising con-
cerns are the observations that at high doses of 
PEG (up to three times the dose used in hemo-
philia trials), renal, endothelial, and Kupffer cell 
vacuolation have been observed55 and that 
pegylated products rarely, if ever, been given to 
young children for a lifetime. Polyethylene glycol 
is used as a stabilizer in FVIII products; thus 
patients have been exposed to a type of PEG. The 
impact of PEG linked to FVIII and subject to cel-
lular uptake versus PEG as a stabilizer is unknown. 
It will be difficult to confirm or disprove any risk 
associated with long-term use of pegylated prod-
ucts without long-term observational studies.

The integration of EHL products into routine 
clinical practice continues to be evaluated. 
Certain groups may derive more clinical benefit 
from EHL than others, including young children, 
those with an active lifestyle, difficult venous 
access, receiving routine prophylaxis and with 

fear of needles.56 However, the benefits of EHL 
FVIII remain controversial. Some argue that the 
benefits are not significant compared to those 
achieved by EHL FIX products, with modest 
half-life prolongation of only 1.4–1.6 fold and a 
persistent requirement for 100 or more infusions 
annually.56 Studies of health-related quality of life 
have demonstrated only modest benefits when 
changing from one prophylaxis regimen to an 
individualized regimen with rFVIIIFc, though 
more significant benefits were seen in those that 
changed from on-demand treatment to rFVIIIFc 
prophylactic regimen.57 Over time, as more infor-
mation is gathered through post-marketing sur-
veillance, the benefits and safety of EHL products 
will continue to be evaluated.

Gene therapy
The cloning of the FVIII gene in the 1980s 
opened the door for the development of gene 
therapy, wherein cure is the goal of treatment. 
The realization that gene therapy could have 
important benefits for patients was further sup-
ported by the observation that modest improve-
ments in factor levels (by 1–2%) can produce 
significant reduction in the risk of spontaneous 
bleeding events and reduce the need for factor 
replacement infusions.58 In addition, gene ther-
apy has a wide therapeutic range wherein gene 
expression does not need to be tightly regu-
lated,67 as well as an easily quantifiable therapeu-
tic endpoint (FVIII plasma levels). These benefits 
have made gene therapy a promising treatment 
for hemophilia. Furthermore, the allure of one-
time treatment as opposed to frequent lifelong 

Table 2. Extended half-life factor VIII products.

Product Approval 
year

Modification Cell 
line

Mean 
half-life, 
hours

Comparator mean 
half-life (product)

Prophylaxis regimen

rFVIIIFc 
(Eloctate®)42

2014 BDD rFVIII with fused Fc HEK 19 12.4 (Advate®) 50 IU/kg every 4 days

rFVIII-pegylated 
(Adynovate®)48

2015 Full-length rFVIII with 20 
kDa non-specific pegylation

CHO 14.3 10.4 (Advate®) 40–50 IU/kg 2× per 
week

N8-GP51 – B-domain truncated rFVIII 
with 40 kDa site-specific 
pegylation

CHO 19 11.7 (patients’ 
previous product)

50 IU/kg every 4 days

BAY 94-902754 – BDD rFVIII with 60 kDa site-
specific pegylation

BHK 18.7 13 (Kogenate® FS) 30–40 IU/kg 2 X per week 
or 45–60 IU/kg every 5 days

BDD: B-domain deleted; BHK: baby hamster kidney; CHO: Chinese hamster ovary; Fc: fragment crystallizable; HEK: human embryonic kidney; IU: 
international unit; kDa: kilodalton; rFVIII: recombinant factor VIII.
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prophylactic infusions is appealing to many 
patients. In the late 1990s several phase I gene 
therapy studies in patients with hemophilia A 
were started.60,61 These studies used different 
approaches; transfected dermal fibroblasts, ret-
roviral vector, and adenoviral vector; however, all 
had disappointing results without sustained 
FVIII activity. Following these failed trials, inves-
tigators returned to the laboratory. Driven by the 
success of gene therapy for factor IX,59,62 and 
advances that facilitate FVIII packaging in viral 
vectors, there is a surge of interest in gene ther-
apy for HA. The non-enveloped, non-integrating 
adeno-associated virus (AAV) has emerged as 
the leading vector based on preclinical studies. 
Wild-type AAV is non-pathogenic for acute dis-
ease, with low immunogenic properties.63 
However, it has been implicated in hepatocellu-
lar carcinoma,64 raising concern for long-term 
consequences of AAV-based gene therapy. AAV 
demonstrates broad tropism for mitotically qui-
escent tissues such as hepatocytes, neurons, and 
muscles with a decreased risk of insertional 
mutagenesis because the recombinant plasmid is 
episomally retained and therefore does not inte-
grate in the host DNA.65

There are several AAV-based FVIII gene therapy 
products in development, though only one has 
completed early phase human data. A phase I/II 
trial of BMN 270 [ClinicalTrials.gov identifier: 
NCT02576795], an AAV5–FVIII gene product 
for severe HA, recently released preliminary data 
supporting its proof of concept in gene therapy.66 
Although the sample size is small, all seven par-
ticipants who received high-dose (6 × 10e13 vg/
kg) BMN 270 showed sustained FVIII activity 
(>10 IU/dl). In fact, six of seven patients demon-
strated FVIII activity >50 IU/dl; two of which 
were >150 IU/dl. Lower bleeding events occurred 
in these patients, especially greater than 8 weeks. 
BMN 270 was shown to be well tolerated with no 
significant adverse events (SAEs), although 
mildly elevated liver enzymes occurred without 
significant effect on FVIII activity. BMN 270 has 
been designated as an Orphan Drug by the FDA 
in February 2016 and by the European 
Commission in March 2016. Additional gene 
therapy trials are expected from manufacturers 
such as Shire, Dimension Therapeutics, Sangamo, 
and Spark Therapeutics. Spark Therapeutics 
recently began recruiting patients for their phase 
I/II trial of SPK-8011 [ClinicalTrials.gov identi-
fier: NCT03003533], an AAV capsid containing 
a codon-optimized BDD FVIII transgene. 

Meanwhile, Sangamo Therapeutics is expected 
to begin accruing patients in their phase I/II trial 
[ClinicalTrials.gov identifier: NCT03061201] of 
SB-525, an AAV2/6 human FVIII gene product.

Although the episomal location of AAV vectors 
reduces the risk of insertional mutagenesis, it also 
results in decreased transgene expression as the 
transduced cells divide due to loss of proviral 
DNA with each cell division.67 Accordingly, 
AAV-based gene therapy is not anticipated to 
provide a lifelong cure. Sustained levels for 
approximately 10 years are anticipated, but fur-
ther longitudinal studies are needed. To address 
the potential for loss of FVIII activity over time, 
hematopoietic stem cells (HSCs) as vehicles for 
gene therapy has been pursued.68 Lentiviral vec-
tors have been extensively used in gene therapy 
clinical trials, hence it has a favorable safety and 
efficacy profile for use in transduction of HSCs. 
So far, insertional mutagenesis has not been 
reported in patients treated with HSC-LV in clin-
ical trials in various diseases, including HIV.69 
Likewise, preclinical studies have demonstrated 
that HSC gene therapy is effective in mice, includ-
ing mice with pre-existing inhibitors to human 
FVIII.70,71 Gene therapy with HSC may likely 
require a more intensive conditioning regimen in 
the presence of inhibitors prior to HSC transplant 
to reach therapeutic efficacy.70–72

Bioengineered FVIII products
Orthologs are genes from different species that 
evolved from a common ancestral gene. 
Differences in amino-acid sequences of FVIII 
gene products across different species can result 
in reduced antigenicity of ortholog proteins, mak-
ing them less susceptible to inactivation by anti-
human FVIII inhibitors. Porcine FVIII derived 
from plasma has been used since the 1960s. 
Because anti-human FVIII alloantibodies have 
<30% cross-reactivity against porcine FVIII,73 it 
was used in patients with FVIII inhibitors despite 
thrombocytopenia and hypersensitivity reactions 
as common side effects. Likewise, porcine FVIII 
has been shown to be effective in treating hemor-
rhagic events in patients with acquired hemo-
philia A (AHA) due to development of FVIII 
autoantibodies. Based on the clinical trial results 
of 28 subjects with AHA who had 86% of bleeds 
successfully controlled, BDD recombinant por-
cine FVIII (r-pFVIII, Obizur®) was FDA-
approved for treatment of acute bleeds in patients 
with AHA. Meanwhile, a phase II study in 
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patients with congenital HA and FVIII inhibitors 
presenting with non-life-/non-limb-threatening 
bleeding showed that hemostasis was achieved in 
25 hemorrhagic events with administration of 
r-pFVIII with eight or fewer injections.74 In fact, 
one injection was sufficient to control 80% of the 
reported bleeding events. Patients tolerated the 
product well without significant SAEs. A trial 
evaluating the use of r-pFVIII in patients with 
congenital HA and inhibitors undergoing surgery 
is currently ongoing [ClinicalTrials.gov identifier: 
NCT02895945].

Other strategies are currently being developed to 
enhance FVIII gene expression as well, including 
a hybrid human–porcine FVIII molecule called 
ET3, which has shown promising results from 
preclinical gene therapy studies.75,76

Conclusion
The treatment of HA continues to evolve since 
the use of whole-blood transfusion in the first half 
of the 20th century, and novel therapeutic prod-
ucts are currently being developed with the goal 
of enhanced safety and effectiveness and lower 
risk of inhibitor incidence. Recombinant factor 
replacement remains the cornerstone of hemo-
philia treatment, although inhibitor development, 
cost, and frequent intravenous injections due to 
its short half-life continue to fuel the search for 
other treatment options for hemophilia. EHL 
products promised longer dosing intervals; how-
ever, study results are disappointing, with only 
modest half-life extension of 1.4–1.6-fold in 
patients with HA. Gene therapy offers a long-
term and potentially curative treatment option, 
but it is limited by large-scale manufacturing, 
inefficient FVIII expression, host immune 
response, the nature of liver cell turnover, and 
safety concerns regarding hepatic toxicity and 
insertional mutagenesis. Ultimately, a variety of 
these novel products each will find a role within a 
diverse HA community, thus supporting individ-
ualized treatment for each patient.
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