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Hemophilia A (HemA) patients are currently treated with
costly and inconvenient replacement therapy of short-lived fac-
tor VIII (FVIII) protein. Development of lipid nanoparticle
(LNP)-encapsulated mRNA encoding FVIII can change this
paradigm. LNP technology constitutes a biocompatible and
scalable system to efficiently package and deliver mRNA to
the target site. Mice intravenously infused with the luciferase
mRNA LNPs showed luminescence signals predominantly in
the liver 4 h after injection. Repeated injections of LNPs did
not induce elevation of liver transaminases. We next injected
LNPs carrying mRNAs encoding different variants of human
FVIII (F8 LNPs) into HemA mice. A single injection of B
domain-deleted F8 LNPs using different dosing regimens
achieved a wide range of therapeutic activities rapidly, which
can be beneficial for various usages in hemophilia treatment.
The expression slowly declined yet remained above therapeutic
levels up to 5–7 days post-injection. Furthermore, routine
repeated injections of F8 LNPs in immunodeficient mice pro-
duced consistent expression of FVIII over time. In conclusion,
F8 LNP treatment produced rapid and prolonged duration of
FVIII expression that could be applied to prophylactic treat-
ment and potentially various other treatment options. Our
study showed potential for a safe and effective platform of
new mRNA therapies for HemA.

INTRODUCTION
Coagulation factor VIII (FVIII) is an X-linked gene that encodes a
large glycoprotein and participates in the intrinsic pathway of the
coagulation cascade.1 FVIII assists formation of blood clots to pre-
vent further blood loss after injury. The bleeding disorder resulting
from insufficiency of FVIII protein level or deficiency of FVIII func-
tion is called hemophilia A (HemA). The occurrence of HemA is
generally 1 in 5,000–10,000 males, and the mortality rates of pa-
tients with severe HemA increase when undergoing major sur-
gery.2,3 Therapy for severe HemA patients requires not only on-de-
mand treatment to rescue patients from excessive bleeding following
trauma or surgery, but also prophylactic treatment to prevent
bleeding without visible signs, including joints, soft tissues, or mus-
cle hemorrhages. Frequent infusions (three to four times per week)
of costly FVIII to prevent spontaneous bleeding episodes in these
patients is required due to the short half-life (8–12 h) of FVIII
protein.
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An alternative for protein replacement therapy is to utilize gene ther-
apy to introduce a functional FVIII gene into patients for longer-term
FVIII expression, thus reducing the treatment frequency while also
reducing risk of spontaneous bleeding events. However, the method
of delivery needs careful consideration. For example, using viruses
carrying genetic material increases the risk of oncogenic mutagenesis
due to viral integration.4–6 In addition, FVIII transgene expression
needs to be achieved and maintained at therapeutic levels, and sensi-
tive genotoxicity detection assays remain yet to be developed for clin-
ical gene therapy. Furthermore, immune responses to viral vectors
and transgenes precluded its application to a significant portion of
HemA patients. To avoid these problems encountered by DNA deliv-
ery using viral vectors, messenger RNA (mRNA)-based genetic mate-
rials can be used to rescue insufficient FVIII expression in HemA
patients.

The advantages of mRNA therapy include no risk of oncogenic
mutagenesis and rapid protein expression, as mRNAs do not trans-
locate to the nucleus and are instead processed via translation in the
cytoplasm. Recently, it was shown that functional protein was effi-
ciently produced by using a 5-methoxy-U-modified codon-opti-
mized mRNA successfully delivered into specific sites.7 For example,
intradermal injections of modified mRNA encoding vascular endo-
thelial growth factor A (VEGF-A) led to local functional VEGF-A
protein expression and transient skin blood flow enhancement in
men with type 2 diabetes mellitus (T2DM), indicating the therapeu-
tic potential for regenerative angiogenesis.8 Furthermore, recent
development of lipid nanoparticles (LNPs) enabled efficient pack-
aging of mRNA and delivery to liver to produce a high level of pro-
tein expression.9,10 For example, delivery of LNP-encapsulated
mRNA encoding human methylmalonyl-CoA mutase (MMUT)
reduced circulating metabolites and dramatically improved survival
and weight gain in a mouse model with isolated methylmalonic
acidemia (MMA) syndrome.7 In addition, LNPs have been used
to deliver factor IX mRNA into hemophilia B mice with good
results.11,12
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Figure 1. Luciferase mRNA Lipid Nanoparticles (Luc LNPs) Deliver mRNA

Efficiently to Liver

(A and B) Localization and levels of luciferase expression in mice. 2 mg/kg Luc

LNPs was intravenously administered to wild-type C57BL/6 mice (N = 6). Luc

LNP-treated mice and control mice treated with PBS were anesthetized and

infused with 10 mL/g luceferin at different time points. Luciferase expression was

examined using a bioluminescent in vivo imaging system (IVIS). (A) Localization of

luciferase expression in mice at 4 h post-treatment. Left panels: In vivo imaging

was performed to examine the luciferase expression in whole animals. Right

panels: The mice were sacrificed, and major organs were harvested for exami-

nation of luciferase expression. Luciferase expression in different organs is shown

in color scales as indicated in the side bar, representing low to high levels of

expression. (B) Luciferase expression levels in the treated mouse livers are pre-

sented as average luciferase signals ± standard deviations in bioluminescence

light units (BLU).
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In this study, we used a non-viral carrier made of biodegradable
lipids, LNPs, to encapsulate FVIII mRNAs (F8 LNPs), which were
systemically delivered via intravenous injection to HemA mice.
We showed that administration of F8 LNPs can rescue biological
function and continually produce therapeutic levels of FVIII protein
for 5 days. We also showed rapid and consistent expression of FVIII
protein after repeated injections of F8 LNPs, indicating the transla-
tional potential of mRNA-based therapy for routine prophylactic
treatment.
RESULTS
LNPs Are Efficiently Delivered to the Liver

To test the delivery function of LNPs and therapeutic effect of
mRNA-based treatment, we first examined the biodistribution and
protein expression of luciferase mRNA carrying LNPs (Luc LNPs)
in vivo. After injection of 2 mg/kg Luc LNPs into mice, luciferase sig-
nals were traced using a small animal live imaging method. Mice in-
jected with Luc LNPs displayed high bioluminescence signals
compared to control mice that were injected with PBS only. Images
also showed that the bioluminescence signal was mainly detected in
the liver, and weak or no signal was observed in spleen and other or-
gans, suggesting that LNPs delivered mRNA to the liver efficiently
(Figure 1A). The luciferase signal could be detected within 4 h, indi-
cating highly efficient mRNA translation after Luc LNP administra-
tion (Figure 1B). Immunostaining of luciferase protein in liver of
treated mice was also performed using endothelial markers and the
nuclear markers. The results clearly demonstrated that Luc LNPs pre-
dominantly targeted hepatocyte cells rather than endothelial cells
(Figure S1).

Biocompatibility of mRNA LNPs

Routine prophylaxis is required to prevent frequent bleeding episodes
in severe HemA patients. Examination of liver toxicity after multiple
injections of therapeutic mRNA LNPs is necessary prior to clinical
use. To evaluate biocompatibility of mRNA LNPs, mice were repeat-
edly injected once daily with 2 mg/kg Luc LNPs for 5 consecutive
days. All mice showed consistent expression of luciferase (Figure 2A).
Alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) levels were monitored to assess the potential for liver inflam-
mation after Luc LNP injection. Mice injected with nonfunctional fac-
tor IX (FIX) mRNA LNPs or PBS served as nonspecific and naive con-
trols, respectively. No significant difference was observed in both ALT
and AST values among all three groups of mice (Figure 2B). These re-
sults suggest that repeated infusions of mRNA LNPs did not induce
any detectable liver injury, indicating that mRNA LNPs are suitable
for therapeutic treatment.

To examine whether human F8 LNPs are suitable for treatment of
HemA patients, we used HemA mice as the chosen hemophilic ani-
mal disease model. HemA mice were injected with 2 mg/kg F8
LNPs encapsulating each of several FVIII mRNA variants or control
Luc LNPs (Figure 3A). The FVIII activities in treated mouse plasma
were measured by an activated partial thromboplastin time (aPTT)
clotting assay. HemA mice injected with F8 LNPs encapsulating
full-length human FVIII mRNA (F8-FL LNPs) exhibited elevated
clotting activity 6 h after injection and reached a peak activity level
of 5.5% after 24 h (Figure 3B). As expected, mice treated with control
Luc LNPs produced no FVIII activity.

Nascent translated FVIII proteins will translocate to the lumen of the
endoplasmic reticulum (ER) and undergo post-translational modifi-
cation before secretion from cells.13,14 However, retention of FVIII
protein in the ER prevents Golgi transportation and FVIII secretion,
leading to delayed elevation of plasma FVIII levels.2 To overcome
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Figure 2. Biocompatibility of the LNPs Carrying mRNAs for In Vivo Delivery

2 mg/kg Luc LNPs was intravenously administrated to wild-type C57BL/6 mice

(N = 4) for 5 consecutive days. (A) Luciferase expression in C57BL/6 mice following

repeated injections of Luc LNPs examined by in vivo imaging. Arrows indicate in-

jection time of Luc LNPs. Luciferase expression signals (BLU) were examined 4 h

after each injection using an in vivo imaging system. (B) Liver enzyme tests following

repeated injections of Luc LNPs in mice. ALT and AST levels in plasma were

measured in treated mice. Mice injected with nonfunctional factor IX (FIX) mRNA

LNPs (N = 4) or PBS (N = 2) served as the mRNA control and naive control,

respectively. One-way ANOVA revealed no significant effect of LNPs on levels of

ALT or AST (ALT, p = 0.9558; AST, p = 0.9040) between all groups. Data are

presented as average values ± standard deviations.
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delayed transportation of FVIII, a F309S mutation was introduced in
the A1 domain of FVIII mRNA to decrease the retention time in the
ER and increase secretion efficiency.15 Incorporating the F309S mu-
tation showed a similar expression pattern, but higher clotting activity
in HemA mice injected with F8 LNPs encapsulating F309S-mutated
full-length FVIII mRNA (F8-FL-F309S LNPs). The mice adminis-
tered F8-FL-F309S LNPs showed 20.5% FVIII clotting activity, which,
however, dropped below 10% rapidly within 2 days (Figure 3B).

Owing to the biochemical characteristics of FVIII, full-length human
FVIII mRNA is inefficiently translated compared to other compa-
rably sized proteins. Biogenetic modification of FVIII protein is
required to elevate the yield of FVIII protein.16 It has been reported
that B domain-deleted human FVIII containing six N-linked glyco-
sylation sites (BDD-hFVIII/N6) showed higher expression levels of
536 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
FVIII compared to full-length FVIII in vitro and in vivo.17,18 To
this end, BDD-FVIII/N6 mRNA was designed and encapsulated
into LNPs (Figure 3A). In addition, previous studies suggest that
the carboxyl terminus of the B domain contains a furin recognition
motif (R-H-Q-R), which is the predominant cleavage site to separate
FVIII into its heavy chain and light chain. Metal ion-dependent het-
erodimer FVIII protein is composed of these chains and is the major
secreted form after post-translational modification.19 Compared to
the heterodimer form of secreted human BDD-FVIII/N6, the sin-
gle-chain form of BDD-canine FVIII exhibits higher activity and is
more stable.20 Mutation of the furin cleavage site is reported to
contribute to the enhanced secretion level that is associated with
increased circulating FVIII.21 To further elevate the FVIII expression
in HemA mice, we introduced a deletion in the furin recognition
motif to partially disrupt the furin recognition motif (F8-N6D2-
F309S) or fully delete the furin recognition motif (F8-N6D4-F309S)
in BDD-FVIII/N6 mRNA. FVIII activity in HemA mice injected
with either BDD-FVIII/N6 mRNA containing a wild-type (WT)
(F8-N6-F309S) or mutated furin site (F8-N6D2-F309S or F8-N6D4-
F309S) displayed significantly higher activity than did F8-FL-F309S
LNPs. Among the F8 LNP variants, F8-N6D2-F309S LNPs produced
a higher average FVIII activity than that of F8-N6-F309S and F8-
N6D4-F309S variants (Figure 3C). After injection of 2 mg/kg LNPs
carrying these three different BDD-FVIII variants, FVIII expression
achieved peak expression levels higher than 1,000% FVIII activity
and slowly declined during a 7-day period. In addition, we examined
the kinetics of FVIII expression at multiple time points during the
initial 24-h period after F8 LNP injection. The data showed that
low levels of FVIII can already be detected at half an hour post-injec-
tion, and the levels continued to increase to peak levels at 24 h post-
injection (Figure S2).

Immunoblotting was performed to verify FVIII proteins synthesized
by F8 LNPs. The molecular size of FVIII detected from mice admin-
istrated with F8-FL-F309S LNPs was comparable to that in normal
human plasma (Figure 3D). Immunoblotting analysis also showed di-
versity of molecular weight in furin mutant F8 LNP variants. FVIII
proteins from F8-N6D2-F309S and F8-N6D4-F309S LNPs displayed
high-molecular-weight single chains of BDD-FVIII/N6, whereas F8-
N6-F309S LNPs without a furin site mutation showed predominantly
the heavy chain form of BDD-FVIII/N6 and absence of the single
chain form (Figure 3E).

Repeated Injections of Human F8 LNPs Induced FVIII Inhibitor

Formation

Since F8-N6D2-F309S LNPs showed higher activity than other F8
LNP variants on average, we used F8-N6D2-F309S LNPs in the
following experiments. Mice injected with 2 mg/kg F8-N6D2-F309S
LNPs can restore FVIII activity and maintain activity more than
7 days above a trough level of 1%; however, the association between
elevated FVIII activity and increased thrombotic risk still needed to
be evaluated. High plasma FVIII activity may result in a dose-depen-
dent risk of venous thromboembolism.22 To evade thrombotic risk,
different dosages of F8-N6D2-F309S were examined. 0.1, 0.2, and



Figure 3. Injection of FVIII Variant mRNA LNPs (F8 LNPs) Restored Clotting

Activity in HemA Mice

(A) Different furin cleavage site-mutated FVIII mRNAs were encapsulated into LNPs.

Amino acids marked in red denote the residues contained in the furin cleavage

recognition site. (B) FVIII activity of mice injected with F8-FL LNPs, F8-FL-F309S

LNPs, and F8-N6D2-F309S LNPs were measured by an aPTT assay at different

time points, respectively (N = 3/group). (C) FVIII activity of HemA mice injected with

2 mg/kg F8-N6-F309S, F8-N6D2-F309S, and F8-N6D4-F309S LNPs (N = 3–6/

group), respectively. FVIII activity was measured in different time points by an aPTT

assay. Data are presented as average FVIII activities ± standard deviations. (D and E)

Western blot to detect plasma FVIII 1 day after LNP treatment in mice injected with

2 mg/kg F8-FL-F309S LNPs (FL) (D), and in mice injected with 2 mg/kg F8-N6-

F309S (N6), F8-N6D2-F309S (N6D2), and F8-N6D4-F309S (N6D4) LNPs,

respectively (E). Human normal pooled plasma (NPP) served as a positive control,

and plasma from untreated HemA mice (HA) served as a negative control. Arrow-

heads in (E) indicate the single chain FVIII-N6 (N6-SC) and heavy chain of FVIII-N6

(N6-HC).
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0.4 mg/kg F8-N6D2-F309S LNPs were injected into HemA mice and
antigen levels and FVIII activity were measured at days 1, 3, 5, and 7.
The expression profile was similar in different mouse groups injected
with different dosages of F8-N6D2-F309S LNPs. All mouse groups
showed that the highest FVIII expression levels and activities were de-
tected at day 1 and reached trough levels at day 5 or day 7 (Figures 4A
and 4B). In order to verify whether blood clotting can be corrected in
0.2 mg/kg F8-N6D2-F309S LNP-treated mice at day 7, we examined
the coagulation activity using whole blood isolated from treated mice
by a rotational thromboelastometry (ROTEM) assay (Figure 4C). We
found that at 7 days after F8 LNP delivery, the treated mice still had
significant correction of coagulation parameters, including clotting
time (CT) and clot formation time (CFT), compared with HemA
mice (Figure 4D). The average half-life of FVIII:C expressed from
F8-N6D2-F309S mRNA can reach about 22 h. In comparison, the
FVIII levels from 0.1 mg/kg F8-N6D2-F309S LNP-treated mice
were too low (undetectable) at day 5 for prophylactic treatment,
whereas those from 0.4 mg/kg F8-N6D2-F309S LNP-treated mice
were very high (867%) at day 1 with potentially increased thrombotic
risk. Compared to treatment dosages of 0.1 and 0.4 mg/kg, mice
treated with 0.2 mg/kg F8-N6D2-F309S LNPs showed optimal perfor-
mance that exhibited�200% FVIII activity at day 1 and above 5% ac-
tivity at day 7. Such levels are suitable for prophylactic treatment last-
ing 5–7 days.

To reduce the frequency of bleeding episodes in HemA patients, in-
jection of FVIII protein ideally should be performed two to three
times per week. To develop protocols for treating HemA patients,
we monitored the FVIII expression performance in HemA mice after
administration with 0.2 mg/kg F8-N6-F309S-D2 LNPs two to four
times within 2 weeks. The results suggested that almost all treated
mice can sustain FVIII activity higher than 1% within 2 weeks (Fig-
ure 5). However, FVIII expression levels decreased when the fre-
quency of injections increased. Mice treated with two F8-N6D2-
F309S LNP administrations within 2 weeks showed no difference in
FVIII expression levels when compared between their first and sec-
ond injections (Figures 5A and 5B), but mice that received three or
four F8-N6D2-F309S LNP injections within 2 weeks displayed dra-
matic reduction of FVIII expression level (Figures 5C–5F). The
plasma FVIII level decreased notably after the third injection and
could not be detected after a fourth injection at day 11. The decreases
of FVIII expression levels were found to be associated with the forma-
tion of inhibitors against FVIII, which were detected by a Bethesda
assay at 2 weeks following multiple injections of F8-N6D2-F309S
LNPs (Figure 5G). This anti-FVIII immune response is anticipated
since this strain of HemA mice is prone to develop FVIII inhibitors
following repeated FVIII treatment.23

Routine Injections of Human F8 LNPs Induced FVIII Inhibitor

Formation

Severe HemA patients have a high risk of spontaneous bleeding into
muscles, soft tissue, skull, or joints, leading to serious complications.
To improve the quality of life, routine injection of FVIII is required to
prevent asymptomatic bleeding. According to clinical data, most
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http://www.moleculartherapy.org


Figure 4. Dose Titration of F8 LNPs

To titrate the F8 LNP dosage best suited for treatment, HemA mice were injected

with 0.1, 0.2, and 0.4 mg/kg F8-N6D2-F309S LNPs (N = 3/group). (A and B) FVIII

antigen levels (A) and activities (B) were measured using ELISA and an aPTT assay,

respectively. Coagulation activities of HemA mice were measured using a ROTEM

assay 7 days after injection of 0.2 mg/kg F8-N6D2-F309S LNPs. Wild-type (WT)

mice and HemA mice (HA) treated with Luc LNPs served as controls (N = 4–6/

group). (C and D) Representative ROTEM graphs (C) and clotting times and clot

formation time (D) of each group are shown. Data are presented as average

experimental values ± standard deviation. Statistical comparisons were performed

using one-way ANOVA. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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HemA patients (�70%) do not develop FVIII inhibitors.24–26 To
evade human FVIII inhibitor development in the HemA mouse
model, we evaluated the potential of F8-N6D2-F309S LNPs for pro-
538 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
phylactic treatment using immunodeficient NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ (NSG) mice. First, we used NSG HemA mice to
examine the FVIII antigen and activity level after F8-N6D2-F309S
LNP injections. Two injection cycles were carried out, and the results
showed similar expression patterns of FVIII as those observed in
immunocompetent HemA mice (Figures 6A and 6B). Then, NSG
mice were routinely injected with F8-N6D2-F309S LNPs every
5 days for 2 months and the FVIII protein was detected by a human
FVIII-specific ELISA. The treated mice consistently expressed FVIII
with peak levels around 150%–220% after each injection, suggesting
that systemic delivery of F8-N6D2-F309S LNPs can provide a poten-
tially superior routine prophylaxis protocol for severe HemA patients
(Figure 6C).

DISCUSSION
Clinically, patients with hemophilia receive on-demand therapy with
coagulation factor concentrates to prevent excessive bleeding in
trauma, injury, and surgery. Patients with severe HemA require
routine prophylactic infusion of FVIII to prevent spontaneous
bleeding into joints or muscle. Conventional FVIII concentrates
have a 12-h half-life on average. Severe HemA patients require a pro-
phylaxis treatment regimen with three to four times per week
repeated injections.27 Recent recombinant FVIII products modified
with polyethylene glycol, Fc fragment, or albumin could extend the
half-life of FVIII, thereby reducing the frequency of prophylaxis treat-
ment to two to three times per week injections.28,29 However, individ-
ual dosing of half-life-extended recombinant FVIII differs between
HemA patients to maintain levels higher than 1%. Given the process
involved to produce safe and effective FVIII concentrates, current
prophylactic treatment is a heavy financial burden for patients.30

Compared to protein replacement therapy, gene therapy can offer a
change in the paradigm of hemophilia care. Gene transfer using ad-
eno-associated virus (AAV) viral vectors carrying BDD-FVIII could
achieve long-term correction of the phenotype. Clinical data suggest
that HemA patients receiving gene therapy could reduce bleeding
events compared to routine FVIII prophylaxis.31,32 However, FVIII
expression in treated patients did not show consistent levels across
patients. FVIII expression starts to decline in some patients within
2 years, as reported in a long-term clinical trial.33 Furthermore, the
presence of anti-AAV vector antibodies reduces or abolishes the
transduction efficiency of AAV and prevents repeated treatment in
HemA patients.4,34 To date, there is no standard protocol to monitor
the genotoxicity resulting from potential insertional mutations caused
by AAV vectors in a clinical setting. More studies are needed to access
the safety and efficacy of viral gene therapy.4,35–37

mRNA-based therapy has recently emerged as an important alterna-
tive since mRNA has no risk of integrational mutations as opposed to
viral vector-based therapies. The mRNAs delivered into cells would
not translocate to the nucleus and instead undergo translation in
the cytoplasm with natural post-translational modification of en-
coded protein. Furthermore, modifications including replacement
of uridine 50-triphosphates (UTPs) by N1-methylpseudo-UTP and



Figure 5. Repeated Injections of F8 LNPs into HemA

Mice

(A–F) HemA mice were repeatedly injected with 0.2 mg/kg

F8-N6D2-F309S LNPs (A and B) two times, (C and D) three

times, and (E and F) four times within 2 weeks, respectively.

FVIII antigen levels (A, C, and E) and FVIII activities (B, D,

and F) were measured using ELISA and an aPTT assay.

Arrows indicate the days of F8 LNP injections (N = 5/

group). Each symbol represents data obtained from an

individual mouse. (G) Anti-FVIII antibodies of F8 LNP

repeatedly injected mice were measured by a Bethesda

assay (N = 5/group). Data are presented as average

experimental values ± standard deviation.
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addition of cap-1 structure yielded mRNAs with increased stability
and translational activity and reduced immunogenicity.38–40 Codon
optimization of mRNA further enhanced protein expression
levels.41,42 Moreover, the clinical-grade good manufacturing practice
(GMP) production of clinical in vitro-transcribed (IVT) mRNA costs
5- to 10-fold less than that of production of recombinant protein.43
Molecular T
To improve safety, efficiency, and tissue-target-
ing of mRNA delivery, we developed optimized
LNPs carrying hFVIII mRNA for efficient deliv-
ery into liver cells. The opsonized LNPs bound
to apolipoprotein E (ApoE) and low-density li-
poprotein (LDL) receptors and facilitated spe-
cific uptake of LNPs by hepatocytes.44,45 In
addition, the formulation of F8 LNPs incorpo-
rated a “diffusible” polyethylene glycol (PEG)
lipid that can shed from the LNP particle to
significantly improve transfection.46 Of note,
the total amount of PEG used in F8 LNP treat-
ment was much lower than the acceptable daily
intake of PEG in humans, and the use of diffus-
ible PEG lipids reduced any potential immune
responses to LNP-associated PEG.47 Following
LNP delivery, mRNA was translated, and func-
tional FVIII protein can be detected within half
an hour. The average half-life of FVIII generated
by hF8 LNPs (F8-N6D2-F309S LNPs) is about
22 h, which is much longer than that for com-
mercial FVIII products.27 According to our
in vivo data, one to two per week injections of
0.2 mg/kg hF8 LNPs are sufficient to maintain
a trough level higher than 1% in HemA mice
7 days after F8 LNP delivery. Our F8 LNPs
can provide a considerably higher flexible range
of FVIII levels, compared to published formu-
lated FVIII mRNA.48 In our protocol, we have
used novel FVIII mutant molecules and
achieved more potent treatment efficacy with
longer half-life of FVIII expression and repro-
ducible pharmacology in multidose studies.
Furthermore, it was known that the half-life of
infused hFVIII is significantly shorter in mice than in humans.49

Therefore, the frequency of F8 LNP dosing can be further reduced
in clinical treatment. Compared to FVIII concentrates and recombi-
nant FVIII protein, which require prophylaxis regimen of three to
four times and two to three times weekly injections, respectively,
we expect that once every 7 days or longer intervals of F8 LNP
herapy: Nucleic Acids Vol. 20 June 2020 539
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Figure 6. NSG Mice Routinely Injected with F8 LNPs Can Consistently

Express FVIII Protein

(A and B) NSG HemA mice were injected with 0.4 mg/kg F8-N6D2-F309S LNPs.

FVIII antigen (A) and activity (B) levels were detected 1 day, 3 days, and 5 days after

injection by ELISA and an aPTT assay, respectively. Two repeated injection cycles

were examined (N = 3). (C) NSGmicewere injected with 0.4mg/kg F8-N6D2-F309S

LNPs every 5 days for 2months. FVIII antigen level was detected 1 day after injection

by a human FVIII-specific ELISA (N = 7). The day 0 samples were collected before
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treatment will be sufficient for prophylactic treatment. Importantly,
note that mRNA LNPs are biocompatible and lipids are rapidly
degraded and eliminated after delivery and therefore can be safely
administered with repeated injections.7

We observed FVIII gene expression, albeit at low levels, with full-length
FVIII (F8-FL), indicating that FVIII mRNA can be correctly processed
and expressed in liver cells following delivery of F8 LNPs. To elevate the
efficiency of FVIII secretion, we introduced a F309Smutation and furin
cleavage site deletion in FVIII mRNA. In accordance with those muta-
tions, mice injected by LNPs with mutant FVIII mRNA showed higher
FVIII level and clotting activity compared toWT FVIII. Most interest-
ingly, FVIII expression levels were significantly increased up to 100- to
200-foldwhenmRNAsencodingBdomain-deletedFVIII variantswere
encapsulated in LNPs. It is unclear at this point why such significant
enhancement was obtained. It is potentially due to differences in deliv-
ery, translation, and secretion efficiency. As shown in the results, with
higher dosages of F8-N6D2-F309S LNPs (0.2–2 mg/kg), 200%–1,000%
activities canbe achievedwith a single treatment, providingawide spec-
trum and flexibility for prophylactic treatment and other treatment op-
tions for hemophilia patients. As shown in our results, FVIII expression
starts rapidly after F8LNP delivery. Even at half an hour after delivery,
we already detected 2%–5% FVIII levels in mouse plasma, and FVIII
levels continue to increase to peak levels at 24 h post-injection. With
appropriate dosages, correction of blood clotting can be maintained
to at least 7 days post-injection. With different dosing regimens, F8
LNPs can be used in various treatment scenarios. For example, F8
LNPs can be used for patients who are scheduled for major surgeries
or had suffered from spontaneous bleeding in joints ormuscle. Recently
developed bispecific factor IXa and factor X antibody, Hemlibra (emi-
cizumab-kxwh) was shown to successfully reduce the frequency of
bleeding episodes in HemA patients with inhibitor. However, there
are several limitations for treating hemophilia patients, and long-
term toxicity and safety still need to be carefully assessed. HemA pa-
tients need to receive Hemlibra combined with other bypassing agents
whenundergoingmajor surgery;50 however, serious thrombotic side ef-
fects have occurred in some patients.51,52 There were also several in-
stances when treated patients developed neutralizing antibody against
the drug.53

Immunodeficient NSG mice were used to evaluate the routine treat-
ment regimen of repeated injections of F8 LNPs for long-term thera-
peutic effect. First, we used NSG HemA mice to demonstrate their
expression pattern: both antigen and activity levelswere similar to those
observed in 129/SV � C57BL/6 HemA mice, suggesting that different
genetic background did not affect FVIII protein expression kinetics.
Subsequently, we performed a long-term treatment of F8 LNPs in
NSG mice. F8 LNP treatment was carried out at 5-day intervals for
2 months. NSG mice persistently express FVIII protein, suggesting
that this protocol is suitable for routine prophylaxis treatment to
injection. Arrows indicate injection time of F8 LNPs. Data are presented as average

values ± standard deviations.
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achieve therapeutic efficacy. According to clinical data published on in-
hibitor formation incidence in severeHemApatients undergoing treat-
ment of FVIII concentrates, more than 70% of patients do not generate
FVIII inhibitors and are suitable for repeated F8 LNP treatment.24–26

Although inhibitor development is dependent on genetics and envi-
ronmental factors, several studies indicated that recombinant FVIII
products showed higher immunogenicity than did plasma-derived
FVIII products. One of the possible reasons is that posttranslational
modifications of recombinant FVIII such as glycosylation from
non-human mammalian cell lines contribute to the increase of FVIII
immunogenicity.54,55 In contrast to recombinant FVIII products,
FVIII derived from F8 LNPs undergoes intrinsic post-translation
modification, which potentially eliminates the increased risk of anti-
body formation induced against FVIII synthesized from different spe-
cies. In addition, further genetic modification of FVIII mRNA can
address the immunogenic issue of FVIII. For example, reducing FVIII
immunogenicity may be achieved by either mutation of the FVIII
sequence or fusion with specific proteins or peptides.56–59

In conclusion, F8 LNP treatment offers several significant advantages
over current protein replacement therapy and alternative therapies.
Delivery of F8 LNPs produced rapid initial expression and a wide
range of FVIII levels up to 1000% by administering different dosing
regimens. These unique properties can lead to prophylactic applica-
tion and various other treatment scenarios. Furthermore, the pro-
longed intervals between repeated treatment, flexibility of construct
modification, native post-transcriptional modification of FVIII pro-
tein, high efficiency of F8 LNP delivery, and relative ease and reduced
cost of scaling up to human use can potentially make F8 LNP treat-
ment a much safer and superior protocol to substitute protein
replacement therapy in the clinic. In addition, a major advantage of
FVIII mRNA LNP therapy is that it is easy to improve FVIII function
by modification of mRNA sequence encoding newly developed FVIII
protein with higher activity or longer half-life. Future investigation in
formulating F8 LNPs for subcutaneous injections is also currently
ongoing, which will further increase the ease of administering the
therapy and improve the quality of patient life.

MATERIALS AND METHODS
Synthesis of mRNA and LNPs

Formulation of LNPs was according to previous methods.7 Briefly,
different variants of codon-optimized hFVIII mRNAs were synthe-
sized from linearized DNA plasmids using in vitro transcription by
T7 RNA polymerase, and ribonucleotide UTPs were replaced by 1-
methylpseudo-UTP. A cap-1 structure and poly(A) tail were added
to 50 and 30 UTRs of mRNA, respectively, to enhance mRNA transla-
tion efficiency. Lipid components (ionizable lipid:distearoylphospha-
tidylcholine (DSPC):cholesterol:PEG lipid, 50:10:38.5:1.5) were
mixed with synthesized mRNAs at a volume ratio of 1:3 and assem-
bled by NanoAssemblr system (Precision NanoSystems, San Fran-
cisco, CA, USA) to synthesize mRNA LNPs. All LNPs were tested
for particle size, RNA encapsulation, and endotoxin to be <100 nm,
>80%, and <10 endotoxin units (EU)/mL, respectively.
Animals

HemA mice generated by targeted disruption of the FVIII gene in
exon 16 were used in mixed genetic background of 129/SV �
C57BL/6 mice at the age of 8–12 weeks. NOD.Cg-Prkdcscid

Il2rgtm1Wjl/SzJ mice (NSG mice, stock no. 0005557) were purchased
from Jackson Laboratory (Sacramento, CA, USA). NSG HemA
mice were purchased from the Gene Knockout Mouse Core Labora-
tory of the National Taiwan University Center of Genomic Medicine.
All experimental mice were housed in a specific pathogen-free (SPF)
facility in Seattle Children’s Research Institute according to the ani-
mal care guidelines of the National Institutes of Health and the Seattle
Children’s Research Institute. The experimental protocols used in this
study were approved by the Institutional Animal Care and Use Com-
mittee of the Seattle Children’s Research Institute.

LNP Injection and Sample Collection

Mice were intravenously injected with mRNA LNPs through the
retro-orbital plexus at different doses according to the experimental
design. Blood samples from experimental mice were collected from
the retro-orbital plexus at indicated time points and centrifuged
immediately at 500 � g for 5 min to obtain sera. Samples were ali-
quoted and stored at �80�C for further experiments.

Live Imaging of Experimental Mice Using an Intravital Imaging

System

Prior to the experiments, mice were anesthetized using isoflurane and
hair was removed by hair removal cream (Nair, Ewing, NJ, USA).
Mice were subcutaneously injected with 10 mL/g D-luciferin
(PI88293, Fisher Scientific) in PBS 10 min before imaging. All images
were monitored by Image Studio software for the Pearl Trilogy imag-
ing system.

aPTT Assay and Bethesda Assay

Plasma hFVIII was examined using a modified clotting assay utilizing
aPTT reagent and FVIII-deficient plasma.60,61 hFVIII activity was
evaluated according to a standard curve obtained from serially diluted
normal human pooled plasma. FVIII inhibitor levels were quantitated
using Bethesda assays.

FVIII ELISA

hFVIII antigen levels introduced by FVIII-LNPs in HemA mice and
NSG mice were examined by ELISA using murine anti-FVIII anti-
body (GMA-8020, Green Mountain Antibody, Burlington, VT,
USA) and biotin-labeled murine anti-FVIII antibody (GMA-8015,
Green Mountain Antibody). This pair of anti-FVIII antibodies does
not cross-react with endogenous murine FVIII in NSG mice. Serially
diluted normal human plasma was used as standards to evaluate hu-
man FVIII antigen level.

AST/ALT Assays

Liver cell injury of experimental mice was evaluated using an ALT re-
agent set (Teco Diagnostics, Anaheim, CA, USA) and an AST com-
mercial enzyme kit (Randox, London, UK), respectively.
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Western Blot

Plasma samples were electrophoresed in 4%–15% SDS-PAGE (Bio-
Rad) and electrotransferred to polyvinylidene fluoride (PVDF) mem-
branes using an iBlot gel transfer device (Thermo Fisher Scientific,
Waltham, MA, USA). Membranes were blotted with non-fat
skimmed milk subsequently. Human FVIII was detected by sheep-
anti-human FVIII antibody (Affinity Biologicals, Ancaster, ON, Can-
ada) following horseradish peroxidase-conjugated anti-sheep immu-
noglobulin G (IgG) (Thermo Fisher Scientific). ECL signals were
developed with the enhanced chemiluminescence (ECL) reagent
(Thermo Fisher Scientific).
Thromboelastography

Coagulation function of mice treated with F8 LNPs was examined
7 days after treatment. WT mice and HA (HemA) mice treated
with Luc LNPs (HA) served as controls. Whole blood was collected
by submental bleeding, and 3.8% citric acid was used as an anticoag-
ulant. Clotting time and clot formation time were directly measured
using an INTEM (activated intrinsic pathway) kit assay by rotational
thromboelastometry (ROTEM delta, Instrumentation Laboratory,
Bedford, MA, USA).
Statistical Analyses

All statistical analyses were carried out utilizing GraphPad Prism 7
software. The data were compared using a two-tailed unpaired Stu-
dent’s t test and one-way or two-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc multiple comparison tests. A p
value <0.05 was considered statistically significant.
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