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Gene therapy offers great promises for a cure of hemophilia A
resulting from factor VIII (FVIII) gene deficiency. We have
developed and optimized a non-viral ultrasound-mediated
gene delivery (UMGD) strategy. UMGD of reporter plasmids
targeting mice livers achieved high levels of transgene expres-
sion predominantly in hepatocytes. Following UMGD of a
plasmid encoding human FVIII driven by a hepatocyte-specific
promoter/enhancer (pHP-hF8/N6) into the livers of hemophil-
ia A mice, a partial phenotypic correction was achieved in
treated mice. In order to achieve persistent and therapeutic
FVIII gene expression, we adopted a plasmid (pHP-hF8-X10)
encoding an FVIII variant with significantly increased FVIII
secretion. By employing an optimized pulse-train ultrasound
condition and immunomodulation, the treated hemophilia A
mice achieved 25%–150% of FVIII gene expression on days
1–7 with very mild transient liver damage, as indicated by a
small increase of transaminase levels that returned to normal
within 3 days. Therapeutic levels of FVIII can be maintained
persistently without the generation of inhibitors in mice. These
results indicate that UMGD can significantly enhance the effi-
ciency of plasmid DNA transfer into the liver. They also
demonstrate the potential of this novel technology to safely
and effectively treat hemophilia A.
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INTRODUCTION
Hemophilia A (HA) is an X-linked recessive bleeding disorder
caused by a deficiency of blood clotting factor VIII (FVIII; gene
F8). According to a classification based on FVIII levels, individuals
with less than 1% of normal activity are considered to have severe
HA, with 1%–5% classified as moderate, and with 5%–40% as
mild. Conventional treatment involves replacement therapy of FVIII
by repeated intravenous infusions of plasma-derived or recombi-
nant FVIII concentrates, which are costly and disruptive to normal
activities and family life.1–3 Gene therapy as an alternative approach
for hemophilia treatment that allows a wide therapeutic window has
drawn significant interest, as even a continuous modest increase of
FVIII levels (>1%) can result in a dramatic improvement of the se-
vere bleeding phenotype. It also benefits from some other features of
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HA disease, including a wide variety of target tissues for FVIII
biosynthesis,4–7 as demonstrated in excellent hemophilia animal
models such as mouse,8,9 rat,10 sheep,11 and dog.12 A variety of
viral-13–15 and non-viral-16–18 gene-transfer-based HA therapies
have been reported. In particular, recent HA gene therapy clinical
trials19,20 using recombinant adeno-associated viral (rAAV) vectors
have shown very promising results. However, significant obstacles
remain, preventing treatment for a significant portion of patients,
especially those who have high-titer anti-AAV antibodies.21,22

Repeat treatment is also prohibited due to pre-existing anti-AAV
antibodies. Clinical applications from viral gene transfer systems
were hampered by vector immunogenicity,23,24 the limit of trans-
duced target cells,25 insertional mutagenesis,26 limited gene-carrying
capacity, or low transgene expression.14,27

Ultrasound (US)-mediated gene delivery (UMGD) in the presence of
microbubbles (MBs) has been considered a promising non-viral gene
delivery method. In vitro studies showed that US-induced acoustic
cavitation of MBs can transiently increase the cell membrane perme-
ability and enhance cellular uptake of the plasmid.28–30 UMGD has
been applied in vivo to deliver pharmocologics or genetic material
into different target organs such as liver,31–33 brain,34,35 pancreas,36 kid-
ney,37 cornea,38 and others39 for therapeutic treatment. Previously, we
showed that therapeutic UMGD enhanced FIX gene transfer by the in-
trahepatic delivery of an albumin-based US contrast agent, Optison,
combined with a FIX plasmid into the mouse liver, which was simulta-
neously treated with an US.40 These results preliminarily demonstrated
the feasibility of applying UMGD in plasmid DNA gene therapy. Sub-
sequently, we developed and optimized the US system, MB composi-
tion, and treatment protocol to deliver the luciferase reporter gene
plasmid and further improve gene transfer efficiency.41–43 The
following definitive in vivo explorations were performed: (1) injection
routes; (2) comparison of focusedUS, far-field unfocusedUS, and near-
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Figure 1. Setup of the UMGD experiments in mice

(A) Specification and wave form of the US transducer 158

used for the UMGD experiments in mice. (B) Schematics

of the portal vein injection of plasmid/MB mixture and

simultaneous scanning of the US transducer on the liver

surface during UMGD treatment. (C) Pulse-train treatment

schedule used in the experiment.
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field unfocused US systems; (3) US parameter modifications including
peak negative pressure, pulse duration, duty factor, and pulse repetition
frequency; (4) pulse-train US exposure regimens; (5) MB composition
and concentrations; and (6) liver damage induced by UMGD treat-
ment. Portal vein injection was superior to intrahepatic injection
with better tissue distribution, resulting in more efficient gene transfer.
US parameters42,43 and MBs44 were optimized, guided by gene expres-
sion and liver damage induced by acoustic cavitation as correlates to
produce the maximal desired gene transgene expression with minimal
liver tissue injury. Moreover, the application of a pulse-train US offered
comparable or higher gene transfer efficiency with less liver dam-
age.31,42 Based on these studies, we have scaled up the UMGD system
from mouse models to rat models and have continued forth toward
large animal models.31,45–47

All previous achievements provided a platform for pursuing an effi-
cient and safe treatment with UMGD for HA gene therapy. As a first
step, we explored UMGD of a therapeutic FVIII plasmid in HA
mouse models. The successful results paved the way to deliver FVIII
plasmids into large animals and humans.
RESULTS
Distribution of reporter gene expression in mouse liver

In order to achieve the best therapeutic effect from the delivery of a
FVIII plasmid, we first explored the distribution of gene delivery
and expression following UMGD of a luciferase reporter construct
(pGL4.13 driven by a ubiquitous SV40 promoter) in C57BL/6 mice.
A mixture of plasmid and MBs was delivered through a portal vein
injection into the mouse liver, and the whole liver was simultaneously
treated with an H158 transducer (Figure 1A) using a pulse-train US
(1 s on and 2 s off) at 2.0 MPa peak negative pressure (PNP) and
0.018 ms pulse duration (PD) for 60 s under our standard US condi-
tions41,42 (Figures 1B and 1C).
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On day 1 after gene transfer, we isolated hepato-
cytes and non-parenchymal cells from treated
mouse livers by liver perfusion and centrifuge
methods and evaluated the luciferase expression
from the two cell populations. Transgene
expression was found in both cell types; howev-
er, the total luciferase expression levels on a per
cell basis in hepatocytes (5.35 � 104 RLU/107

cells) were much higher than in non-paren-
chymal cells (1.46 � 103 RLU/107 cells; Fig-
ure 2A). Furthermore, we delivered a pGFP
plasmid driven by a ubiquitous cytomegalovirus (CMV) promoter
into the mouse liver by UMGD. Following immunofluorescent stain-
ing using anti-GFP, a control liver injected with plasmid only did not
show any fluorescence signal, while a UMGD-treated liver showed
significant GFP expression (30%–50% GFP+ cells). GFP+ signals
were distributed homogeneously and were mostly present in hepato-
cytes (Figure 2B). These data are consistent with the results obtained
from the luciferase reporter construct, indicating that transgenes were
predominantly expressed in hepatocytes following UMGD under this
standard condition.

UMGD of a hepatocyte-specific FVIII plasmid into HA mouse

livers

To test the application of UMGD to treat HA, we delivered FVIII plas-
mids targeting the liver. Since hepatocytes were found to be the primary
cell population of gene transfer, we constructed a hepatocyte-specific
human FVIII (hFVIII) variant plasmid (pHP-hF8/N6; Figure 3A) un-
der the control of the hepatic locus control region (HCR) and a hepa-
tocyte-specific human a1-anti-trypsin promoter.48 The hF8/N6 gene
encodes an FVIII variant that contains a partial B domain deletion,
leaving an N-terminal 226 amino acid stretch with 6 intact putative-
asparagine-linked glycosylation sites for enhanced secretion effi-
ciency.49 Groups of HAmice were pre-treated with 3 U of hFVIII pro-
tein tomaintain hemostasis prior to surgery. It should be noted that the
HA mice used in the experiments are prone to develop anti-FVIII
inhibitory antibodies within 10–14 days. UMGD of pHP-hF8/N6
was carried out in HA mice using an H158 transducer under the
sameUS conditions previously described in the reporter plasmid trans-
fer experiments except using a lower PNP (2.0MPa) to reduce potential
bleeding and liver damage inHAmice. FVIII activities in treatedmouse
plasma were measured by activated partial thromboplastin time
(APTT) assay starting at day 3 post-treatment to avoid measuring re-
sidual FVIII activity from FVIII protein pre-treatment. We obtained
5%–20% initial FVIII activity in treated mice (Figure 3B). However,
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Figure 2. Distribution of gene expression in liver tissue following US/MB-

mediated gene delivery

Reporter gene plasmid pGL4 or pGFPmixed with 5%NuvOxMBswere respectively

delivered into C57BL/6 mouse liver through portal veil for 30 s with simultaneous

60 s US exposures (1 s on, 2 s off, 1.1 MHz frequency, 20 cycle pulses, 0.018 ms

PD, 2.0 MPa PNP, 13.9 Hz PRF). An unfocused H158 transducer was used in these

experiments. (A) Luciferase expression levels on a 107 cells basis in hepatocytes

and non-parenchymal cells. On day 1 post-treatment, pGL4 plasmid-transferred

mouse livers were perfused and isolated into two cell populations, hepatocytes and

non-parenchymal cells, and luciferase expressions were evaluated in these two

types of cells. The data are presented as the mean ± SD (**p < 0.01). (B) Repre-

sentative GFP fluorescence staining (green) and nuclei (blue) of UMGD-treated liver

and plasmid-only-injected (Control) liver. Mouse liver transferred with pGFP was

sectioned and stained to show GFP protein expression.
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FVIII activities dropped to undetectable levels within 2 weeks following
treatment, which coincided with the appearance of anti-FVIII inhibi-
tory antibodies (Figure 3C). Thus, we further pre-treated separate
groups of mice with interleukin 2 (IL2)/IL2 monoclonal antibody
(mAb) complexes to modulate high-titer antibody responses,50 fol-
lowed by UMGD treatment. Long-term follow-up showed that 4 out
of the 8 treated mice maintained therapeutic levels of FVIII expression
without generating high-titer anti-FVIII antibodies, whereas the other
4 mice generated relatively lower titers of anti-FVIII antibodies than
did the group without the IL2/IL2 mAb complex treatment, and their
FVIII levels dropped to undetectable levels at 2–8 weeks (Figures 3D
and 3E).

Correction of the bleeding disorder in HA mice

With relatively low levels of FVIII expression in treated mice, we
further evaluated the phenotype correction of HA using a tail-clip
bleeding assay in UMGD+IL2/IL2 complex-treated mice. Blood loss
during a 10 min period following mouse tail transection was evalu-
ated using hemoglobin levels. Total blood loss was significantly
reduced in treated mice compared with in untreated HA mice,
although it was still higher than in normal mice (Figure 4A). On
average, a 57% therapeutic correction in treated mice was achieved
compared with in normal mice as a positive control (100%) and in un-
treated HA as a negative control (0%), consistent with the results that
about half of the treated mice maintained therapeutic levels of FVIII
expression following UMGD treatment.
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Evaluation of plasmid copy numbers in mouse liver

Quantification of FVIII-encoding vector copy numbers in the liver
tissue was carried out by quantitative real-time PCR using genomic
DNA isolated from UMGD-treated mice with untreated HA mice
as a negative control and the mice treated with a hydrodynamic injec-
tion of FVIII plasmids as a positive control. UMGD-treated mice
showed significantly higher copy numbers of vector DNA on day 1
compared with those found in untreated mice (Figure 4B). Compared
with mice treated with a hydrodynamic injection, the vector copies
were 5- to 8-fold lower. We also examined episomal DNA by Hirt
extraction of the liver tissue, and similar results were obtained (data
not shown). Hydrodynamic delivery can efficiently disrupt both the
endothelial membrane to allow plasmids to enter the extravascular
space and the hepatic membrane for plasmid uptake by hepatocyte.
In cell culture experiments, UMGD with MBs can achieve an efficient
delivery of plasmid DNA into cells.43 However, for in vivo delivery, it
is more difficult for both plasmid and mm-sized MBs to penetrate the
endothelial membrane. This barrier may be overcome by using nano-
bubbles as cavitation nuclei combined with UMGD. Nanobubbles
with smaller sizes can more easily extravasate from the vasculature
to efficiently augment the transfection of hepatocytes (data not
shown).

Examination of liver damage in UMGD-treated mice

Transaminase levels (alanine aminotransferase [ALT] and aspartate
aminotransferase [AST]) were examined to assess liver functional
damages associated with UMGD (Figure 5A). Compared with un-
treated control mice, treated mice had significantly increased ALT
levels (�1,035 IU/L) and AST levels (�524 IU/L) on day 1 after treat-
ment. However, both ALT and AST quickly returned to normal levels
on day 4 (ALT �37 IU/L; AST �87 IU/L) and afterward. The liver
enzyme levels indicated that the procedure of plasmid/MB portal
vein injections and pulse-train acoustic exposure produced transient
liver functional damages; however, the damages were repaired
rapidly.

Liver damages were further determined by hematoxylin and eosin
(H&E) staining of tissue sections, which were collected from
UMGD-treated HA mice on days 1, 7, and 28 after treatment with
an untreated mouse liver used as a control (Figure 5B). The represen-
tative sections in the figure were intentionally selected to present the
types of hepatic damages and the areas with a maximal extent of
injury. On day 1 after treatment, there was some focal coagulative ne-
crosis and hemorrhage mostly close to the treated liver surface. The
extent of necrosis was variable in sections from different treated liver
lobes, ranging from 10%–30% of the total area of the section exam-
ined. There was a sharp demarcation between the areas of necrosis
and viable tissue, with scattered apoptotic hepatocytes near the
boundary. Some extracellular micro-vesicles and dilatation of sinu-
soid were observed, probably due to plasmid/MB fluid injected
through the portal vein. On day 7, liver damages were remarkably
diminished and repaired, with only a very small amount of scattered
hemorrhage. In a few small areas of the treated surface, granulation
and fibrous tissue were present, which were probably caused by the



Figure 3. UMGD of pHP-hF8/N6 plasmid in HA mice

with and without immunomodulation

One hundred mg pHP-hF8/N6 plasmid mixed with 5 vol %

NuvOx MB was injected for 30 s with simultaneous pulse-

train US exposure (1 s on, 2 s off, 1.1 MHz frequency, 20

cycle pulses, 0.018 ms PD, 2.0 MPa PNP, 13.9 Hz PRF)

for 60 s. (A) Structure of the pHP-hF8/N6 plasmid. (B)

Long-term FVIII activities in mouse plasma assessed by a

modified activated partial thromboplastin time (APTT)

assay. (C) Inhibitory antibodies against FVIII were as-

sessed by Bethesda assay. Separate groups of mice were

treated the same way except all mice were pretreated with

IL-2/IL-2 mAb complexes to modulate immune re-

sponses. The treatment schedule is listed below the

figure. (D and E) FVIII activities (D) and Inhibitory antibodies

(E) against FVIII were examined over time. Each symbol

represents data obtained from an individual mouse. Ex-

periments were repeated at least twice.
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manipulation of US scanning and the application of an US coupling
gel. Damages were completely repaired and recovered to normal on
day 28 after treatment.

UMGD of high-expressing hFVIII variant constructs in HA mice

From our experience with the non-viral gene transfer of FVIII plas-
mids in tolerized HA mice, FVIII expression levels usually drop
several folds initially then stabilize afterward over time. We seek to
increase the levels of FVIII gene expression so that therapeutic levels
can be sustained long term. In order to achieve persistent FVIII gene
expression for therapeutic treatment, several improvements were
pursued.

An FVIII plasmid incorporating a modified FVIII cDNA producing a
FVIII protein with higher expression levels, enhanced bioactivity, and
a longer half-life would be highly desirable for the successful gene
Molecular Th
therapy of HA.51 Compared with hFVIII,
porcine FVIII52 expresses at higher levels.
Recently, a novel hF8 variant cDNA encoding
10 amino acid porcine-FVIII-like substitutions
in the A1 domain of the FVIII heavy chain,
hF8-X10, significantly improved F8 gene
expression levels.53,54 First, we incorporated
this hF8 variant cDNA into our liver-specific
plasmid vector to generate pHP-hF8-X10 (Fig-
ure 6A). When we delivered this plasmid into
the HA mice by hydrodynamic delivery, a
more than 10-fold higher FVIII gene expression
was obtained compared with in the control
construct pHP-hF8/N6 (Figure S1). Next, we
demonstrated that the therapeutic UMGD pres-
sure threshold can be lowered by increasing
PDs. By employing pulse-train US exposure
with an acoustic pressure of 1.0 MPa and a PD
of 0.4 ms, comparable or higher transgene
expression with reduced transient liver damage has been achieved
compared with those generated by US exposure at higher pressures
(2.0 and 2.7 MPa and a PD of 0.018 ms).43 Furthermore, in order
to overcome anti-FVIII immune responses, the HA mice were simi-
larly pretreated with immunomodulation using IL2/IL2 mAb com-
plexes to induce the expansion of regulatory T cells to suppress T
helper cell function.

We then compared FVIII expression levels following UMGD (at 1.1
MPa PNP and 0.4 ms PD) of pHP-hF8/N6 and pHP-hF8-X10 in
HA mice (n = 12/group), respectively. In these experiments, we
used 5% RN18 MBs to increase UMGD efficiency.44 We obtained
2%–18% versus 30%–77% of FVIII gene expression on day 3 (Fig-
ure 6B) and 3%–16% versus 30%–150% on day 7 (Figure 6C) in these
two groups of mice. These results indicate that the hF8-X10 variant
plasmid can produce high-level FVIII gene expression following
erapy: Nucleic Acids Vol. 27 March 2022 919
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Figure 4. Evaluation of phenotypic correction and vector copy numbers in

the liver in UMGD-treated mice

(A) A tail-clip bleeding assay was performed on treated and untreated HA mice as

well as on normal mice. Blood loss during a 10 min period following the mouse tail

transection was evaluated using hemoglobin levels. Bleeding correction was

calculated based on normal mice as the positive control (100%) and untreated HA/

Balb/C mice as the negative control (0%). (B) hFVIII plasmid copy numbers in the

liver tissue were examined by SYBR-based quantitative real-time PCR in duplicates.

Genomic DNA was extracted from the liver tissues. The quantification of hFVIII

vector copy numbers in genomic DNA was determined by relating the CT value to

the standard curve. The untreated HA mice were used as negative controls, and

mice treated with hydrodynamic injections were used as positive controls (n = 3/

group). All data are presented as the mean ± S.D. (*p < 0.05, ****p < 0.0001).
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UMGD. In experiments for longer-term follow-up, experimental
mice were pre-treated with IL2/IL2 mAb complexes to prevent the
formation of high-titer inhibitory antibody responses.50 All mice pro-
duced initial high levels of FVIII gene expression up to 150%. Long-
term follow-up showed that 4 out of the 8 treated mice maintained
8%–20% levels of FVIII expression without generating high-titer
anti-FVIII antibodies at day 60, whereas the other 4 mice generated
anti-FVIII antibodies and their FVIII levels dropped to undetectable
levels at 2–8 weeks (Figures 3C and 3D). Furthermore, a small in-
crease of ALT and AST transaminase levels observed on day 1 and
the rapid recovery of these to normal levels on day 4 and afterward
indicated that only very minor transient liver damage occurred on
920 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
day 1 and was repaired quickly and recovered to normal by day 4.
Taken together, these data indicated that long-term and therapeutic
FVIII gene expression can be achieved following UMGD in HAmice.

DISCUSSION
UMGD has been applied as a non-viral physical gene delivery strat-
egy. We have previously developed and optimized an unfocused US
system with MBs to significantly enhance the gene transfer efficiency
of reporter plasmids in murine models.31,41,42 In this study, we at-
tempted to set up an efficient non-viral gene delivery method for
HA gene therapy by applying UMGD to deliver FVIII-encoding
plasmid DNA into the mouse liver.

First, the distribution of reporter gene expression from plasmids
delivered by UMGD was investigated. The luciferase gene expression
was examined in parenchymal (hepatocytes) and non-parenchymal
cells including sinusoidal endothelial, Kupffer, stellate, and other
cells. Our results demonstrated that plasmids were delivered and ex-
pressed in both parenchymal and non-parenchymal cells. However,
the transgene was predominantly expressed in hepatocytes by
UMGD at current conditions. We further explored the distribution
of transgene expression using a GFP reporter plasmid. The fluores-
cent staining of treated liver sections showed that 30%–50% of liver
cells had GFP expression. Compared with UMGD with the intrahe-
patic administration of plasmid/MBs mixtures in our previous
study,40,41 there was a greater percentage of cells expressing GFP
(30%–50% versus 5%–10%). This might be due to the following im-
provements in the treatment procedure: (1) the delivery route of por-
tal vein injection allowed the mixture of the plasmid and MBs to
spread more evenly in the liver tissue through capillary vessels; (2)
the treatment regimen of the pulse-train US provided longer quies-
cent periods between US pulses to allow for the reperfusion of the
plasmid and MBs, achieving more sustained distribution in the live
tissue; and (3) the unfocused US transducer with a larger footprint
could treat a larger tissue volume with a more homogeneous average
intensity of US exposure. In addition, GFP+ signals are predominantly
present in hepatocytes and homogeneously distributed in spatially
localized areas. This is different from hydrodynamic-based gene
transfection,48,55,56 which showed a higher intensity but in more
concentrated and scattered areas. However, the intensity of GFP
expression exhibited regional variability in the whole liver section.
This suggests that in the presence of MBs, US-induced inertial cavita-
tion was probably to some extent restricted by liver tissue size, phys-
iological structure, and capillary vessel distribution. These factors
would influence the flow distribution of MBs in liver tissue, propaga-
tion, scattering and attenuation of the US in tissue, and vessel wall
rupture and permeability, leading to regional difference in expression
intensity. In any case, the predominance of GFP gene expression in
hepatic cells is consistent with what was observed in the luciferase
gene transfer study.

Based on this finding of gene expression distribution, we employed a
hFVIII plasmid driven by a hepatocyte-specific promoter for therapeu-
tic gene transfer in HA mice. In our previous study,42 gene expression



Figure 5. Examination of potential liver damage by

UMGD treatment

Blood was collected from the UMGD-treated mouse

groups shown in Figure 2. (A) Alanine transaminase (ALT)

and aspartate transaminase (AST) levels in UMGD-treated

mouse plasma were examined over time. The gray boxes

show the normal levels of ALT (18–65 U/L) and AST (20–

110 U/L). (B) Representative histological features of liver

tissues isolated from UMGD-treated mice. The serial liver

sections were harvested on days 1, 7, and 28 after UMGD

treatment for H&E staining. Original magnification �100.

Scale bar: 50 mm.
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increased as acoustic PNP increased at the range of 0–3.2MPa and pre-
sented a gradual plateau trend at PNP >2MPa with increased transient
liver damage. Although gene transfer efficiency will be enhanced by
higher acoustic pressure, it is also critical to minimize any potential
liver damage. Therefore, we selected 2 MPa PNP for treatment of
HA mice, instead of a higher pressure, to minimize tissue damage. In
addition, we have shown previously that the pulse-train US procedure
using 1/3 of the US energy could produce comparable or even higher
gene transfer efficiency compared with using continuous US pulses.31

In addition, the pulse-train US procedure (1 s on, 2 s off) was employed
to allow for a more efficient perfusion of plasmid/MB mixtures in the
liver and to further decrease the acoustic-cavitation-induced liver dam-
ages. Under these conditions, treated HA mice showed a significant
enhancement of hFVIII activity on day 3 compared with that in un-
treated mice. For long-term follow-up, separate groups of experimental
mice were also treated with immunomodulation therapy with IL2/IL2-
mAb complexes according to the successful protocol in our previous
study50 to prevent the FVIII-specific immune responses following
gene transfer. Following the initial burst, FVIII activity dropped to un-
detectable levels with inhibitor formation in treated mice without im-
munomodulation, whereas a portion of the treatedmice with immuno-
modulation maintained 2%–10% of FVIII levels without inhibitor
formation for at least 84 days, and the HA phenotype was corrected
as examined by tail-clip assay. These results suggest that effective im-
munomodulation strategies are required for the inhibitor-prone HA
mice to achieve phenotypic correction. However, this strategy can be
successfully applied to treat 70%–80% of the HA patients who are
not prone to inhibitor formation.

For achieving persistent, therapeutic levels of FVIII expression,
several improvements were pursued. We first incorporated a novel
Molecular Th
FVIII variant cDNA (F8-X10) into the hepato-
cyte-specific plasmid to increase FVIII gene
expression levels. One concern is if the FVIII
variant protein will be more immunogenic
than BDD-FVIII. We did not find that this is
the case, at least in our study. Alternatively, for
clinical translations, a codon-optimized BDD-
FVIII used in AAV gene therapy trials19,20 can
be incorporated in the liver-specific plasmid to
produce high-level FVIII gene expression. Sec-
ond, we demonstrated that the therapeutic UMGD pressure threshold
can be lowered by increasing PDs. By employing pulse-train US expo-
sure with an acoustic pressure of 1.0 MPa and a PD of 0.4 ms, com-
parable or higher transgene expression is achieved compared with
those generated by US exposure at higher pressures (>2.0 MPa com-
bined with a PD of 0.018 ms). Most significantly, we observed less
transient liver damage evaluated by transaminase levels and histolog-
ical examination, and the damage was repaired quickly within several
days. Third, in order to overcome anti-FVIII immune responses, the
HA mice were similarly treated with immunomodulation using IL2/
IL2mAb complexes to induce the expansion of regulatory T cells to
suppress T helper cell function. With these improvements, a portion
of the mice produced persistent, therapeutic levels of FVIII expression
and a very mild transient increase in transaminase levels. These
exciting results demonstrate that UMGD can achieve safe and effec-
tive treatment of HA.

For gene therapy of HA mice, liver damage has a more important
impact on gene transfer efficiency than in normal mice, which could
lead to serious bleeding, hepatic apoptosis, or even possible mortality
of HA mice. As mentioned above, pulse-train US exposure at 2 MPa
or later at 1 MPa was employed for treatment to minimize liver dam-
age induced by acoustic cavitation. Transaminase levels presented a
rapid increase on day 1 but decreased very soon back to normal levels
within 4 days after treatment, indicating a similar pattern of acute
liver functional damage compared with that in a previous normal
mouse study.31,40 Consistently, under histological examination, he-
patic damage types and patterns of tissue repair were similar to
what was found in normal mouse and rat studies: the appearance of
coagulative necrosis with hemorrhage and inflammation in the pro-
cess of tissue repair. However, it was noted that treated HA mouse
erapy: Nucleic Acids Vol. 27 March 2022 921
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Figure 6. UMGD of high-expressing hFVIII variant

plasmids in HA mice

All mice were pretreated with IL-2/IL-2 mAb complexes to

modulate immune responses. A 100 mg hFVIII plasmid

mixed with 5% RN18 MBs was injected for 30 s with

simultaneous pulse-train US exposure (1 s on, 2 s off, 1.1

MHz frequency, 20 cycle pulses, 400 ms PD, 1.1 MPa

PNP, 13.9 Hz PRF) for 60 s. (A) Structure of two hFVIII

variant plasmids. (B and C) Comparison of FVIII expres-

sion levels produced from pHP-hF8/N6 plasmid and pHP-

hF8-X10 plasmid assessed by APTT assay on days (B) 3

and (C) 7. All data are presented as the mean ± S.D. (*p <

0.05). Long-term follow-up of (D) FVIII activities and (E)

inhibitory antibodies against FVIII assessed by Bethesda

assay following UMGD of pHP-hF8-X10 plasmid. Each

symbol represents data obtained from an individual

mouse. (F) Transaminase (ALT and AST) levels in mouse

plasma over time following UMGD of pHP-hF8-X10

plasmid. The gray boxes show the normal levels of ALT

(18–65 U/L) and AST (20–110 U/L).
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livers sustained a small amount of hemorrhage until day 7 after treat-
ment. In comparison, hemorrhaging at day 7 was rare in treated
normal mice or rats. We believe that the initial mild bleeding from
the mechanical tissue damage caused by injection/US was extended
and prolonged inHAmice during tissue repair due to their FVIII defi-
ciency. This may be further managed by treating the mice with re-
combinant FVIII post-surgery. Despite this marginal histological dif-
ference between HA mice and normal mice or rats, treated livers of
HA mice similarly revealed rapid and significant recovery and re-
paired completely within 7–28 days post-treatment. In all sections,
there was no thermal denaturation observed, indicating there was
no thermal effect at current US conditions as previously shown.31,40

Comparing transaminase levels with the histology, despite showing
slightly more hemorrhage, HAmice presented a pattern of liver dam-
age similar to normal mice, which was considered to be induced by an
922 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
acoustic-cavitation-mediated mechanism. Most
importantly, the transient liver damage was
further reduced when we used the US at a lower
acoustic pressure (1 Mpa) and a longer PD
(0.4 ms). It may be of concern that there is a po-
tential for hemorrhaging in severe HA patients
during the UMGD procedure. However, the
bleeding risks can be effectively managed by
treatment with recombinant FVIII pre- and
post-procedure, as seen in our mouse and pre-
liminary HA dog experiment (data not shown).

In conclusion, based on our reporter gene trans-
fer studies, we explored the feasibility of
applying UMGD in the setting of therapeutic
plasmid gene transfer. Mouse livers were surgi-
cally exposed and injected with plasmid/MBs
through the portal vein and treated with US.
This treatment method was a direct treatment
procedure restricted for use in our mouse models. A minimally inva-
sive procedure has been developed instead for proof of clinical appli-
cation and transference in large animal models. Plasmid/MBs were
infused into the liver via percutaneous access to the internal jugular
vein using an interventional radiology approach, and the liver was
subsequently treated with US transcutaneously by UMGD.47 The
transcutaneous treatment without open surgery further reduced the
procedure burden and transient tissue damage, which will also be
carefully evaluated in HA large animal models in future studies.
The current report constitutes a proof-of-principle study and demon-
strates the successful transfer of a FVIII plasmid into an HA mouse
model by UMGD to achieve significant and persistent FVIII expres-
sion levels. This study provides a promising strategy for the efficient
and safe treatment of HA, which is the first step toward the clinical
application of UMGD and sustainable treatment of HA.
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MATERIALS AND METHODS
Animals

All mice were maintained at a specific-pathogen-free (SPF) vivarium
in accordance with the guidelines for animal care of both the National
Institutes of Health and Seattle Children’s Research Institute. Animal
protocols were approved by the Institutional Animal Care and Use
Committee of Seattle Children’s Research Institute. Eight-week-old
C57BL/6 normal mice were purchased from Charles River Labora-
tories International (Wilmington, MA, USA) and housed under
SPF conditions for at least 3 days before the experiments. Eight- to
sixteen-week-old FVIII exon 16 knockout HA mice were used for
the studies.
Plasmids and MBs

Large preparation of plasmids was carried out by GenScript (Piscat-
away, NJ, USA) including a luciferase reporter plasmid (pGL4.13
[luc2/SV40]; Promega), a reporter pGFP plasmid driven by a
CMV promoter (pGFP), and hepatocyte-specific FVIII plasmids.
A hepatocyte-specific hFVIII plasmid (pHP-F8/N6) carrying an
hF8/N6 cDNA driven by the hepatic control region (HCR) and a
liver-specific a1-antrypsin (HP) promoter55 was constructed. The
hFVIII/N6 molecule contains a partial B domain deletion, leaving
an N-terminal 226 amino acid stretch containing 6 intact puta-
tive-asparagine-linked glycosylation sites to increase secretion of
FVIII.49 We further replaced hF8/N6 cDNA with a novel hF8
variant cDNA (hF8-X10) encoding 10 amino acid porcine FVIII-
like substitutions (I86V, Y105F, A108S, D115E, Q117H, F129L,
G132K, H134Q, M147T, L152P in the FVIII-X10) in the A1 domain
of the FVIII heavy chain in the hepatocyte-specific plasmid (pHP-
hF8-X10) to obtain significantly increased F8 gene expression
levels.53,54 NuvOx MBs (NuvOx Pharma, Tucson, AZ, USA) or
RN18 MBs are lipid-shelled US contrast agents composed of encap-
sulated octafluoropropane gas with a concentration of �1 � 1010

MBs/mL and a mean diameter of �2 mm or �1 mm, respectively.
MBs were reconstituted by shaking the vial for 45 s with a Vialmix
agitator (Lantheus Medical Imaging, North Billerica, MA, USA)
immediately before use.
US system

The US system, as described previously,31,42 was composed of a sepa-
rate pulse generator and a high-power radio frequency pulse ampli-
fier, which is capable of generating up to 1,000 W of electrical power
into a 50 U load (model RFG-1000; JJ&A Instruments, Duvall, WA,
USA). A customized single-element, 1.1 MHz, 16 mm diameter trans-
ducer (model H158; Sonic Concepts, Bothell, WA, USA), driven by
the US system, was used to directly apply acoustic pressure to the sur-
gically exposed liver surface via enhanced coupling with sterile US
transmission gel.
UMGD of reporter plasmids into mice

Mice were anesthetized by continuous inhalation of isoflurane during
treatment. The liver and portal vein were exposed bymidline incision.
For each mouse, 50 mg reporter plasmid DNA per mouse mixed with
5 vol % NuvOx MBs in 400 mL PBS were co-injected into the liver
through the portal vein using a 24G catheter for 30 s. The liver was
simultaneously treated by pulse-train US (1 s on, 2 s off, 1.1 MHz fre-
quency, 20 cycle pulses, 2.7 MPa, 0.018 ms PD, 13.9 Hz pulse repeti-
tion frequency [PRF]) for a total exposure duration of 60 s. With im-
mediate hemostasis and suturing, the mice recovered from anesthesia
within 30 min following treatment. The mice were euthanized for
liver harvest on day 1 after gene transfer for reporter gene analysis
or maintained for blood collection through experimental duration
for therapeutic gene analysis.

Immunofluorescent staining of GFP

Five mm frozen cryosection of mouse liver collected on day 1 was
fixed, permeabilized, and blocked with 10% serum in PBS for
30 min. The section was then stained by using anti-GFP-Alexa Fluor
conjugates (Life Technologies, Grand Island, NY, USA) at 1:200 dilu-
tion in PBS. A liver section from a plasmid-injected mouse without
US treatment was also stained as a negative control. All sections
were counterstained with UltraCruz Mounting Medium containing
40,6-diamidino-2-phenylindole (DAPI) (Santa Cruz Biotechnology,
Dallas, TX, USA) to visualize cell nuclei. Following staining, all liver
sections were examined by the Leica DM6000 B fluorescence micro-
scope system.

Luciferase expression in liver parenchymal and non-

parenchymal cells

On day 1 after US/MB-mediated gene transfer, hepatocytes and
non-parenchymal cells were isolated from treated livers by liver
perfusion and centrifuge methods. A luciferase assay was performed
using the Luciferase Assay System (Promega) and a luminometer
(Victor 3; PerkinElmer, Wellesley, MA, USA). Luciferase activity
was normalized to the total cell number or protein mass of either
cell population and was expressed as RLU/107 cells or RLU/mg
protein.

Therapeutic FVIII gene transfer in HA mice

For FVIII gene delivery, the mice were anesthetized, and midline
incisions were made as described previously. For each mouse,
�400 mL mixture of 100 mg FVIII plasmid and 5 vol % MBs
were injected into the liver through the portal vein using a 24G
catheter for 30 s with simultaneous pulse-train US exposure (1 s
on, 2 s off, 1.1 MHz frequency, 20 cycle pulses, 13.9 Hz PRF) at
either 2.0 MPa PNP, 0.018 ms PD or 1.1 MPa PNP, 0.4 ms PD
for a total exposure duration of 60 s. At the end of the procedure
of portal injection and US scanning, a GELFOAM sterile com-
pressed sponge (AmerisourceBergen, Chesterbrook, PA, USA)
and a Bleed-X hemostatic powder (First Veterinary Supply, Livo-
nia, MI, USA) were applied with direct pressure to the injection
site to control bleeding. On days 3 and 7 following treatment,
blood samples were collected by retro-orbital bleeding for FVIII
activity evaluation.

A long-term study was further performed. For immunomodulation,
the experimental HA mice was pretreated with IL-2/IL-2 mAb
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complexes50 via intraperitoneal injection on days �5, �4, and �3
before gene transfer of the therapeutic FVIII plasmid. IL-2/IL-
2mAb complexes were prepared by incubating the mixture of
1 mg recombinant mouse IL-2 (PeproTech, Rocky Hill, NJ, USA)
and 5 mg IL-2 mAb (JES6-1A12) (eBioscience, San Diego, CA,
USA) at 37�C for 30 min immediately before injection. In addition,
to improve the bleeding diathesis, HA mice were pre-treated with
3 U recombinant hFVIII protein before surgery. IL-2/IL-2 mAb
complexes + plasma-pre-treated HA and naive HA mice were
included as controls. Blood samples were collected at serial time
points.

APTT and anti-FVIII antibody assays

FVIII activity was measured by a modified clotting assay using FVIII-
deficient plasma and APTT reagents and calculated from a standard
curve of pooled normal human plasma.57 The inhibitory antibody
against FVIII was measured by Bethesda assay, as previously
described.58

Tail-clip bleeding assay

The mouse tail was pre-warmed in 0.9% saline at 37�C for 2 min and
subsequently cut at a 3 mm length. The cut tail was then immersed in
14 mL saline at 37�C, and blood was collected for 10 min. The
bleeding was terminated by cauterizing the tail. Blood loss was quan-
tified by the hemoglobin level of the collected blood in saline, with the
absorbance measured at 560 nm.

Evaluation of FVIII plasmid copy numbers in liver cells

Liver tissues were collected from treated HA mice on day 1 after
US-mediated gene transfer. Genomic DNA was extracted using
the Wizard Genomic DNA Purification Kit (Promega Corporation,
Madison, WI, USA). Genomic DNA was also extracted from an
untreated mouse liver and a hydrodynamic-injection-treated
mouse liver as the negative and positive controls, respectively.
Quantitative real-time PCR of the genomic DNA was performed
to measure the copy number of the delivered plasmid by using
Applied Biosystems Power SYBR Green PCR Master Mix and
7500 Real-Time PCR system. The primers for the hFVIII plasmid
were as follows: 50-CCAGAGTTCCAAGCCTCCAACA-30 (for-
ward) and 50-GGAAGTCAGTCTGTGCTCCAATG-30 (reverse)
(Invitrogen, Carlsbad, CA, USA). The concentration of genomic
DNA and the plasmid pHP-F8/N6 were measured using Spectro-
photometer (NanoDrop ND-1000), and the corresponding
plasmid copy-number concentration was calculated using the
following equation:59
Copy number conc:ðmolecules =mlÞ = plasmid conc:ðg=mlÞ � 6:02� 10
bp size of plasmid � 330 Da� 2 n
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A 10-fold serial dilution series of plasmids, ranging from 101 to 108

copies/mL, was used to construct the standard curve. The absolute
copy numbers of the FVIII-encoding vector were determined by their
CT values using the linear equation defined by the standard curve and
normalized by the extracted genomic DNA concentration.

Transaminase assay

Blood samples were collected from treated or untreated control mice
on days 1, 4, 7, 14, 21, and 28 after gene delivery for the transaminase
assay. ALT and AST levels were measured using a commercial assay
kit (Teco Diagnostics, Anaheim, CA, USA).

Histological evaluation

Treated liver tissues were harvested on days 1, 7, and 28 after the
portal vein was injected with plasmid/MBs and US treatment.
Normal mouse liver was used as control. All samples were fixed
in 10% neutrally buffered formalin, embedded in paraffin, and sec-
tions were stained with H&E for evaluation of liver damage.

Statistical analysis

All statistical analyses were carried out utilizing GraphPad Prism 7
software. The data were compared using ANOVA or multiple t tests.
p values <0.05 were considered statistically significant.
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