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m A safe, effective, and inclusive gene therapy will significantly benefit a large population of

patients with hemophilia. We used a minimally invasive transcutaneous ultrasound-mediated

‘ Non.viral UMGD c.am gene delivery (UMGD) strategy combined with microbubbles (MBs) to enhance gene transfer

sieliivs e il into 4 canine livers. A mixture of high-expressing, liver-specific human factor VIII (hFVIII)

z(‘g:sc;:;vil: g?:rege plasmid and MBs was injected into the hepatic vein via balloon catheter under fluoroscopy

animal model. guidance with simultaneous transcutaneous UMGD treatment targeting a specific liver lobe.
Therapeutic levels of hFVIII expression were achieved in all 4 dogs, and hFVIII levels were
maintained at a detectable level in 3 dogs throughout the 60-day experimental period.
Plasmid copy numbers correlated with hFVIII antigen levels, and plasmid-derived messenger
RNA (mRNA) was detected in treated livers. Liver transaminase levels and histology analysis
indicated minimal liver damage and a rapid recovery after treatment. These results indicate
that liver-targeted transcutaneous UMGD is promising as a clinically feasible therapy for
hemophilia A and other diseases.

* UMGD targeting liver
is safe without
evidence of any
lasting damage.

Introduction

In previous studies, we established the feasibility of using transcutaneous ultrasound-mediated gene
delivery (UMGD) to deliver reporter luciferase plasmids to hepatocytes.'® We aim to optimize this tech-
nique to treat genetic diseases that affect liver-specific proteins, particularly targeting hemophilia
A, an X-linked recessive disorder that results in the loss of functional factor VIII (FVIIl) protein and occurs
in ~1 in every 5000 live male births.* FVIIl is an important positive feedback regulator in the blood coag-
ulation cascade, the loss of which results in a clotting deficiency ranging from mild to severe. FVIII protein
replacement therapy,®” which is the typical standard of care, requires repeated dosing 2 to 3 times per
week, and it is highly burdensome for patients.*®° Significant advancements such as extended half-life
FVIII and novel antibody treatment emicizumab have emerged in recent years7'1°; however, both options
still require frequent administration, and breakthrough bleeding is possible.'"'? Therefore, gene therapy
presents an attractive, more permanent solution for those with hemophilia A.

Recent studies, including those from our laboratory, have shown that UMGD is a safe and reliable
method of gene delivery."'® Compared with viral methods, UMGD has the benefit of reduced immuno-
logic complications because it uses mechanical disturbance of cells instead of using viral vectors, which
are known to elicit an immune response and are potentially toxic.'* UMGD is most effectively
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accomplished by sonoporation, which results from the cavitation of
microbubbles (MBs). Upon exposure to ultrasound, MBs cavitate to
create transient pores or disruption in vasculature and cellular and/or
nuclear membranes.'®'” The nonviral vector, naked plasmid DNA,
passes through the transiently disrupted barrier or endothelial junc-
tions to transfect the target cells, which allows the plasmid DNA to
enter the nuclei to produce transgene expression.'®'® Recent stud-
ies have successfully used UMGD to enhance ligament reconstruc-
tion® and achieve gene transfer across the blood-brain barrier in
large animals.?'?* However, most studies were carried out in small
animals, and the clinical relevance of those studies is yet to be deter-
mined.'®'® By using a minimally invasive interventional radiology
technique, we delivered the plasmid-carrying therapeutic genes and
MBs via a balloon catheter under fluoroscopy guidance, and the ther-
apeutic ultrasound transducer was applied transcutaneously. This
novel approach can provide safe and targeted gene therapy to
canine livers. We show here that UMGD achieved sustained thera-
peutic levels of FVIIl gene expression for the treatment of hemophilia
A, with technology that is feasibly adaptable to clinical applications.

Methods
Animal use protocol and canine surgery

All procedures were performed according to the guidelines for animal
care for the Seattle Children's Research Institute (SCRI) and the
National Institutes of Health. Protocols were approved by the Institu-
tional Animal Care and Use Committees of SCRI, the University of
Washington, and Fred Hutchinson Cancer Research Center. Canines
were beagles or beagle mixes. The transcutaneous UMGD procedure
was described previously.'® Briefly, the dog was anesthetized, and a
balloon catheter was inserted into the jugular vein and placed in the
hepatic venous branch to occlude blood flow under fluoroscopy guid-
ance (OEC 9900 Elite Mobil C-Arm X; GE Healthcare). The balloon
was placed in the left and middle hepatic vein with the catheter tip
located at the orifice of the vein branches. The details of catheter inser-
tion are described in supplemental Methods. The inflated balloon
completely obstructed the blood flow in the hepatic vein, which
ensured that the MB-plasmid solution was pushed into the hepatic
sinusoids under a constant pressure. An MB-plasmid solution
(2 ml/kg containing 0.67 mg/kg pHP-hF8-X10, 0.1 ml/kg MBs,
0.2 ml/kg 50% glucose, and phosphate-buffered saline to total
weight-based volume) was injected to the occluded hepatic region
within 4 minutes, and the injection was timed every 10 seconds to
ensure a constant injection rate. The catheter location and the injection
parameters were the same for each dog. Transcutaneous therapeutic
ultrasound was applied simultaneously to the injected lobe for
8 minutes. The distribution of MBs in the target liver lobe was visual-
ized by a diagnostic ultrasound imaging system (Sonosite).

Plasmid and MB preparation

The hepatocyte-specific FVIIl plasmid construct, pHP-hF8-X10, was
made by replacing the B-domain deleted (BDD)-hF8/N6 comple-
mentary DNA (cDNA) in the pHP-hF8/N6A plasmid?® with a BDD
hF8 variant (BDD-hF8-X10) cDNA.”>®?® The BDD-hF8-X10 cDNA
encodes a human FVIII (hFVII) variant with 10 amino acid porcine
FVIil-ike substitutions (186V, Y105F, A108S, D115E, Q117H,
F129L, G132K, H134Q, M147T, and L152P) in the A1 domain of
the FVIIl heavy chain to increase FVIIl gene expression levels.?®2®
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Preparation of RN18 MBs was previously reported®® and is briefly
described in supplemental Methods.

Analysis of FVIII expression, plasmid copy number,
blood chemistry, cytokine levels, and histology

FVIII expression in canine plasma was analyzed by using an hFVIIl-
specific enzyme-linked immunosorbent assay (ELISA). Plasmid copy
numbers in dog liver sections were analyzed by quantitative poly-
merase chain reaction (QPCR). Details regarding these 2 methods
and statistical analysis of the PCR data are provided in supplemen-
tal Methods. Whole blood was collected from dogs at multiple time
points and was sent to Phoenix Central Laboratory for complete
blood counts and chemistry panels (including measurement of
aspartate aminotransferase [AST] and alanine aminotransferase
[ALT]) to assess liver damage after the procedure. Plasma cytokine
levels in treated dog plasma at day O (before treatment) and at 1, 3,
and 7 days after treatment were evaluated by a dog cytokine
13-plex assay (Eve Technologies). The dogs were euthanized at
either 30 days (FLROO1) or 60 days (FLRO02, FLR0O04), and whole
livers were collected. Liver sections were harvested from both
treated and untreated lobes. Hematoxylin and eosin and trichrome
stains were used to assess any damage in the liver tissue.

RNAscope 2.5 High Definition (HD) - Red Assay

At 30 or 60 days after the procedure, the dogs were euthanized, and
livers were harvested and sectioned according to an alphanumerical
grid. Selected 7-um cryosections were dehydrated in 50%, 70%, or
100% ethanol and stored in 100% ethanol overnight. Hydrogen per-
oxide (Advanced Cell Diagnostics [ACD]) was added for 10 minutes,
and then protease inhibitor IV (ACD) was added for 30 minutes at
room temperature. The slides were then subjected to the RNAscope
2.5 HD - Red Assay according to standard protocols from ACD.
Additional details are provided in supplemental Methods.

Ultrasound transducers and systems

The ultrasound system used was previously described'* and
includes a signal-generating amplifier (JJ & A Instruments) controlled
by a custom-designed serial interface (Sonic Concepts). The H114H
therapeutic ultrasound transducer is a single-element focused trans-
ducer with a focal depth of 45 mm. The focal area of this transducer
is ~2 mm wide and 83 mm long.

Results

Selection of hepatocyte-specific high-expressing
hFVIII plasmid

In our previous studies on nonviral gene transfer of FVIII plasmids in
tolerized hemophilia A mice, FVIIl expression levels fell several-fold ini-
tially and then stabilized over time.3*®' This was because of an initial
drop in episomal plasmids before the vectors could be condensed by
histones to form nucleosome-like structures and maintained long term
in the nucleus.®® To achieve persistent therapeutic levels of FVIII
expression, we selected the pHP-hF8-X10 plasmid®’ driven by a
hepatic locus control region and a liver-specific a1-antitrypsin pro-
moter for this study. This plasmid contains a truncated FIX first intron
to enhance messenger RNA (mRNA) stability, and a BDD-hF8-X10
cDNA encoding an hFVIIl variant protein of which 10 residues in the
A1 domain were replaced with porcine residues for enhanced secre-
tion2®28 (Figure 1A). UMGD of this plasmid can achieve even higher
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expression levels in mice compared with our previous construct,
pHP-hF8/N6.2” The hFVIIl transgene was used in the normal dog
experiments to distinguish between transgene expression and endog-
enous dog FVIII expression.

Targeting the liver with a minimally invasive
transcutaneous UMGD approach

We used a transjugular-venous approach, in which a balloon catheter
was inserted into the hepatic vein in the liver. Upon placement,
the balloon catheter was inflated, and Visipaque iodinated x-ray con-
trast agent was injected to map the vasculature of the liver lobe
(Figure 1B; supplemental Figure 1, bottom row). MBs were infused
through the balloon catheter, and a diagnostic ultrasound was used
to assess the orientation of the liver lobe and visualize the distribution
of MBs (Figure 1B; supplemental Figure 1, top row). The therapeutic
ultrasound transducer (H114H; center frequency, 1.05 MHz) was
placed in an optimal location on the abdomen as determined by

fluoroscopy and diagnostic ultrasound, and a mixture of MBs (0.1
mlL/kg) and pHP-hF8-X10 plasmid (0.67 mg/kg) in phosphate-
buffered saline (2 mL/kg) was injected via the catheter (Figure
1C). Transcutaneous therapeutic ultrasound was applied to
enhance gene transfer with an 8-minute pulsed treatment using
H114H under 4.6 MPa peak negative pressure, 200 ps pulse
duration, and 50 Hz pulse repetition frequency (Figure 2A). The
H114H transducer created a focal beam that was 83 mm long at the
y-axis (y = —41 mm [left], —0 mm [center], —42 mm [right]). The
highest relative pressure is at the focus, which is 45 mm in front of the
transducer face, representing the location where the majority of trans-
fection will occur (Figure 2B). When applied to the surface of the
abdomen, this transducer is optimized to transfect liver lobes at a
depth of 30 to 60 mm. We selected the ultrasound parameters that
have previously been shown to effectively target hepatocytes.'® The
process of localizing the liver lobe with angiography and diagnostic
ultrasound, followed by treatment with the therapeutic ultrasound

A
pHP-hF8-X10

Left Hepatic
Vein

= HCR | hAAT (p) - hFVII-x10

Figure 1. Liver-targeted transcutaneous UMGD of liver-specific FVIII plasmid into dogs. (A) The plasmid construct pHP-hF8-X10, which carries an hFVIIl variant

with 10 residues in the A1 domain of hFVIII replaced with porcine residues (hFVIII-X10), is driven by a liver-specific enhancer-promoter (hepatic locus control region

[HCRI-hAAT). (B) A representative diagnostic ultrasound image outlines the dispersion of MBs within the target liver lobe (circled in black, top). Angiography with x-ray

contrast (Visipaque) was performed to ensure that the catheter was correctly placed into the hepatic vein and to show widespread agent distribution in the lobe. The bottom

of the panel shows placement of the balloon catheter to guide infusion and occlude blood flow from the hepatic vein for LLL treatment. (C) Once the treatment area was
identified, pHP-hF8-X10 (0.67 mg/kg) and MBs (0.1 mL/kg) were infused through the catheter as the ultrasound was applied to the surface of the abdomen. bpA, bovine

growth hormone polyadenylation signal; hAAT (p), human a1-antitrypsin promoter; hFIXIntA, human FIX first intron.
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Figure 2. Therapeutic ultrasound design and parameters used. (A) Outline of specific ultrasound conditions used in this experiment. (B) Conditions were chosen on

the basis of previous experiments that optimized gene transfer in pigs. H114H is a geometrically focused transducer with the highest intensity at 46 mm (Z = 45 mm) from

the face of the transducer (Z = 0 mm), shown by a map of relative pressure measured in decibels (dB) using a hydrophone. Measurements were taken at 3 Y locations

across the length of the transducer where y = —41 is the left side and y = 42 is the right side relative to the center (y = 0) of the transducer.

H114H were repeated for 2 lobes in each dog: the left lateral lobe
(LLL) and the right lateral lobe (RLL). No surgical complications were
noted in any of the dogs.

Assessment of blood plasma for hFVIII levels

Four dogs (numbered FLROO1 to FLROO4) were treated. All dogs
were male and ranged between age 1 and 4 years (Figure 3A).
After the experiment, blood samples were collected from each dog
at multiple time points up to 2 months. The plasma hFVIIl antigen
levels were examined by using an hFVlll-specific ELISA
(Figure 3A-B). All dogs reached therapeutic levels of hFVIIl expres-
sion within the first week after treatment and 3 of 4 dogs retained
expression through the end of the experimental period of 60 days.
The level of hFVIIl in FLROO1 peaked at day 3 with ~10% of normal
plasma hFVIIl levels (100%) before dropping to undetectable levels
at day 14. The level of hFVIIl in FLROO2 reached the highest expres-
sion level of any of the 4 dogs, with 34% expression on day 3 before
dropping to 12%. The level of hFVIIl in FLROO3 reached 16% on
day 2 before declining to 1% by the end of the study. The level of
hFVIIl expression in FLRO04 reached 19% on day 2, which then
declined to 7% for the duration of the experiment in a trajectory sim-
ilar to that of FLROO2. Studies have shown that hFVIIl levels of
~10% are considered therapeutic, although levels as low as 1% to
2% still serve to reduce frequency and intensity of bleeds.'®®2 No
antibodies to hFVIIl were detected in any of the dogs for the dura-
tion of the study (data not shown). This is somewhat surprising
because it was hypothesized that species-specific anti-hFVIIl could
be induced in normal dogs. The normal dogs may be tolerant to
hFVIIl because of the high homology between human and canine
FVIIl (77% identical and 90% similar amino acid sequence) and the
tolerogenic environment in the liver.
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Evaluation of plasmid copy number in treated and
untreated lobes

At day 30 for FLROO1 and day 60 for FLRO0O2 and FLR0OO04, the
treated dogs were euthanized, and livers were harvested and sys-
tematically sectioned. FLROO3 was released at the end of the exper-
iment because of low levels of FVIIl expression. Liver sections were
randomly selected (on average, ~40% of each liver lobe in an
evenly distributed pattern) for gPCR analysis to confirm the persis-
tence of plasmids within each liver lobe in treated dogs. Figure 4A
(top) shows treated lobes (RLL and LLL) of FLROO04, and areas with
higher copy numbers are indicated by darker colors. The LLL con-
tains 2 areas of relatively high expression in the top left quadrant
and the bottom right quadrant. The highest copy number (445 cop-
ies per ng of liver DNA) was observed in this lobe. The RLL con-
tained 1 area of high transfection diagonally down the right side
(Figure 4A, bottom). The very small quadrate lobe (QL) was also
highly transfected (supplemental Figure 2B). Untreated lobes (lobes
that were not exposed to therapeutic ultrasound) had minimal trans-
fection compared with treated lobes (supplemental Figure 3B-D).

There were significant differences in plasmid copy numbers between
treated and untreated areas in the target lobes. When the untreated
areas of treated lobes were included in the analysis, the average copy
number in treated lobes was still significantly higher (P < .0001) com-
pared with that in the untreated dog liver control (Figure 4B). FLROO1
and FLROO2 showed similar patterns of transfection (supplemental
Figure 2), although to a lesser degree. FLROO1 may have had lower
plasmid copy numbers because the plasma level of hFVIIl was unde-
tectable at the time of necropsy. FLRO02 had higher levels in the cau-
date lobe (CL), but likely because of a delay in liver harvest, the
plasmid copy numbers were not as high as expected based on the
hFVIIl levels at the time of euthanasia.
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Figure 3. Therapeutic levels of FVIIl expression were detected in canine blood plasma after UMGD. (A) Male dogs between age 1 and 4 years weighing 14 to
20 kg were used for this study. (B) Four dogs were treated using the transcutaneous UMGD procedure with RN18 MBs under the conditions described in Figure 2 to
deliver pHP-hF8-X110. Blood was collected at various time points after the procedure for up to 30 days (FLROO1) or 60 days (FLR002, FLR003, and FLR004), and FVIIl
antigen levels in plasma were evaluated by FVIIl-specific enzyme-linked immunosorbent assay (ELISA). Control plasma samples were collected from each individual dog

before surgery. Data at each time point is the average of at least 2 ELISAs.

To confirm the presence and specificity of the pHP-hF8-X10 plasmid,
a restriction enzyme digest was performed using DNA extracted
from a treated lobe (section LLLJ1 from LLL) and an untreated lobe
(section LMLG?2, from the left medial lobe [LML]) from FLROO4
(Figure 4C). Fragments of the expected lengths (50- and 80-bp
digested fragments and a 133-bp undigested fragment) were pro-
duced in the treated lobe sample and the positive control by using
the pHP-hF8-X10 plasmid diluted in canine genomic DNA. No ampli-
fied band was detected in the untreated sample from the LML,
indicating successful targeting of the plasmid in the target lobes.

Presence of pHP-hF8-X10 mRNA in treated
liver tissue

To ensure that the plasmid present in liver tissue was being actively
transcribed, we examined the presence of plasmid-specific mMRNA
in treated sections. Liver sections were subjected to a specific
RNAscope 2.5 HD — Red Assay using 3 different probes. Sections
subjected to the RNAscope assay were selected on the basis of

L blOOd advances 2s JUNE 2022 - VOLUME 6, NUMBER 12

gPCR data. No staining was detected in the treated dog liver tissue
with a negative control probe (Figure 5A). A positive control probe
that binds a highly expressed control mRNA sequence in dogs vali-
dated that the RNA quality of the tissue was preserved (Figure 5B).
A custom-designed hFVIll-specific RNAscope probe was used to
visualize plasmid-derived mRNA in canine tissue, and a representa-
tive image from section D6 of the treated RLL in FLROO4 clearly
shows the presence of pHP-hF8-X10 mRNA in liver tissue
(Figure 5C). These data support FVII transgene expression
(Figure 3) and plasmid DNA copy number results (Figure 4) shown
in the previous sections, providing a complete evaluation of tran-
scription and translation of plasmids.

Blood chemistry levels indicate minimal
liver damage

To examine the safety of the transcutaneous UMGD procedure,
whole blood biochemistry tests were performed at numerous time
points after the surgery. Aside from ALT, AST, and alkaline

UMGD ACHIEVES THERAPEUTIC FVIII LEVELS IN CANINES 3561
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Figure 4. Distribution of plasmid in FLR004 liver tissue. (A) Distribution maps show plasmid copy numbers per nanogram in transfected FLROO4 liver lobes, which were sectioned
according to an alphanumerical grid upon necropsy. The top panel shows the LLL, and the bottom panel shows the RLL. Lighter colors indicate lower copy number, and darker colors
indicate higher copy number up to 445 copies per nanogram in the LLL. (B) A summary graph demonstrates comparison of average plasmid copy number per nanogram of genomic DNA
among all FLR004 lobes and the untreated canine control. The caudate lobe (CL) (n = 7), RLL (n = 14), quadrate lobe (QL) (n = 4), right medial lobe (RML) (n = 10), left medial lobe
(LML) (n = 8), and LLL (n = 29) are shown. Treated lobes are shown in black, and untreated lobes are shown in gray. (C) The PCR fragment amplified from genomic DNA samples
isolated from a treated lobe (LLLJ1) and an untreated lobe (LMLG2) were either undigested or digested with Apall and analyzed by using agarose gel electrophoresis. Digestion of the
expected PCR fragment (1383 bp) produced 2 fragments ~50 bp and 80 bp long. Plasmid diluted in canine genomic DNA undigested or digested with Apall was used as the positive
control (+), and nuclease-free water digested was used as the negative control. Error bars indicate standard deviation. ****P < .0001.

phosphatase (ALP), parameters examined (creatine, albumin, biliru- returning to the normal range within 10 days (Figure 6Ai). Only
bin, and others) were normal at all collection points (Figure 6A; and FLROO1 and FLROO04 exhibited an AST level outside the normal
data not shown). ALT levels were transiently elevated in all dogs, range, but it returned to normal by day 3 (Figure 6Aii). Only FLRO04
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Figure 5. Presence of pHP-hF8-X10 mRNA in treated canine liver tissue.

(A) Tissue sections stained with a negative control probe showed no signal, indicating
that there was no nonspecific staining. (B) Tissue stained with a positive control probe,
which binds a highly expressed canine mRNA sequence, showed widespread staining.
(C) Tissue was stained with a probe that specifically binds FVIIl mMRNA. Red dots
indicate the presence of either (B) positive control mMRNA or (C) pLP-hF8-X10 mRNA in
canine liver tissue collected upon necropsy at 60 days after surgery. Liver was cut into
1-cm squares and frozen in optimal cutting medium, then sectioned at 7 microns and
subjected to the RNAscope 2.5 HD — Red Assay. Sections were also stained with
hematoxylin to show tissue morphology. Each red dot indicates the presence of 1 copy
of pHP-hF8-X10 mRNA in experimental canine tissue. All sections shown are
representative selections from the RLL of FLRO04, section D6.
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had increased ALP levels outside the normal range in the initial few
days after treatment; the level returned to the normal range within 2
weeks (Figure 6Av). The slight elevation of transaminase and ALP
levels did not require intervention from the veterinary team. In addi-
tion, complete blood count data were collected from these dogs
before and after treatment at several time points, and there were no
significant changes in any of these parameters.

Histologic analysis of treated canine tissue and
blood cytokine analysis

To further examine the impact of our treatment on liver tissue, histo-
logic analysis was performed on tissue sections harvested at 30 days
(FLROO1, Figure 6Bi) or 60 days (FLR002, Figure 6Bii; FLR0O4,
Figure 6Biii). FLROO3 was released from the study at 60 days. There
was no macroscopic damage visible on either the liver or the surround-
ing tissue for FLROO1, FLROO2, or FLR0O04. The histology we exam-
ined was found to be within the normal range; there was no significant
inflammation, fibrosis, or evidence of recent damage or repair. There
was mild focal congestion attribbuted to the necropsy procedure
because similar changes were also observed in biopsies from the
untreated control liver. Representative sections from the LLL in each
dog included a portal trial, lobular hepatocytes, and a central vein.

We examined cytokine levels in the plasma collected from all 4
treated dogs over 7 days after treatment including interferon-y
(IFN-y), interleukin-2 (IL-2), IL-6, IL-8, IL-10, IL-18, Kupffer cell (KC)-
like, MCP-1, and tumor necrosis factor-a (TNF-a) (Figure 7A-l).
Despite minor fluctuations of a few cytokines in FLROO3 and
FLROO4, all levels remained in the normal ranges, indicating that the
treatment did not induce serious inflammatory responses or toxic-
ities in the treated dogs.

Discussion

Although many gene therapies for hemophilia A have been investi-
gated, the development of a safe, widely applicable, noninvasive
treatment that achieves therapeutic FVIII levels remains elusive.
Here, we demonstrate the potential of UMGD as a treatment that
fulfills these requirements. Previous studies have optimized transcu-
taneous UMGD for noninvasiveness and safety.®'® A transhepatic
venous gene delivery procedure was performed via an interventional
radiology method to gain access to the target liver lobe. This proce-
dure is very similar to a wedge hepatic venography, which is a trans-
jugular venous procedure. However, direct wedging of a balloon
catheter against the hepatic parenchyma risks hepatic laceration
and capsular tear if the injection pressure is too high. Balloon-
occluded venography reduces the risks of hepatic injury by spread-
ing the pressure of injection over a large surface area of the hepatic
parenchyma. We adjusted catheter placement to liver lobes that
can be efficiently targeted transcutaneously in dogs by the thera-
peutic ultrasound transducer H114H with its focal depth of 45 mm.
In this study, no procedural complications were observed, and all
dogs rapidly recovered to normal activity levels. Moderate but tran-
sient increases in ALT and AST levels were observed, potentially
because of MB cavitation that induced minor tissue damage,® plas-
mid induced inflammation, and for other reasons. These dogs were
asymptomatic and did not warrant veterinary concern in spite of hav-
ing elevated transaminase levels. Additional studies will aim to
reduce this transient liver injury by optimizing ultrasound parameters
and transducers or depleting CpG in plasmids. Most importantly,
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Figure 6. Examination of potential liver damage after UMGD. (A) Blood samples were collected from each UMGD-treated dog at multiple time points during week 1 after surgery
and then at weekly time points for the length of the study. Several biomarkers were examined to assess liver tissue damage and toxicity: (i) ALT, (i) AST, (iii) creatinine, (iv) albumin, (v) ALP,
(vi) bilirubin, and others (data not shown). Values are plotted with the normal range for dogs indicated in gray. (i) FLROO1 was euthanized at 30 days after surgery, and (i) FLROO2 and (i)
FLROO04 were euthanized at 60 days after surgery. Liver sections were fixed in 10% formalin, paraffinized, and examined by a pathologist. (B) Slides were stained with hematoxylin and eosin
and imaged at 10X magnification with representative images shown here. All liver histology is within the normal range, and these sections show treated LLLs from each dog.
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Figure 7. Examination of plasma cytokine levels after UMGD. (A) Blood samples were collected from each UMGD-treated dog before treatment (day 0) and at 1, 3,
and 7 days after treatment. Several cytokines including (A) IFN-y, (B) IL-2, (C) IL-6, (D) IL-8, (E) IL-10, (F) IL-18, (G) Kupffer cell-like, (H) MCP-1, and (l) TNF-a were

examined. Gray area indicates the normal range of each cytokine levels in normal dogs.

these levels returned to normal within 10 days. In addition, complete
blood cell counts, along with platelet counts and blood chemistry,
showed no significant changes in any of these parameters over
time. Histologic examination of the liver tissue at the experimental
end point (1-2 months after the procedure) showed no detectable
abnormality in the liver tissue. Further analysis of cytokine levels in
the treated dog plasma showed that all levels remained in the nor-
mal range, indicating that neither UMGD treatment nor plasmid
DNA induced significant inflammatory responses or toxicities in the
treated dogs. Together these results demonstrate the safety of the
transcutaneous UMGD protocol.

In this study, we used our established UMGD procedure to suc-
cessfully induce therapeutic levels of hFVIIl gene expression in nor-
mal dogs. Parameters for the severity of hemophilia are well
defined: mild hemophilia presents as levels of 5% to 40%, moder-
ate hemophilia presents at 1% to 5%, and severe hemophilia
presents in patients with =<1% of normal FVIIL'® On the basis of
this criteria, 2 of 4 of the treated dogs (FLR002 and FLR004) could
be described as having converted severe hemophilia to mild hemo-
philia after treatment. Our study assessed hFVIIl antigen level rather

L blOOd advances 2s JUNE 2022 - VOLUME 6, NUMBER 12

than functional clotting correction because these normal dogs
already had effective clotting ability. However, the hFVIIl produced
from the same plasmid vector was shown to be fully functional in
mouse studies.®*3* Additional testing in dogs with hemophilia A will
demonstrate the functional correction of FVIIl deficiency. To put this
protocol into the context of treating dogs and patients with hemo-
philia A, treatment with FVIII or bypassing agent will be used before
and after the UMGD procedure to avoid any potential bleeding.

Although expression patterns were similar and appreciable levels
of hFVIIl expression were induced, hFVIIl levels varied among the
dogs. These variances are likely inevitable because there were
differences in treatment procedures and intracellular processes
in different dogs. Similar variability can be seen in viral gene
therapy experiments when the same doses of the vectors are
administered. Other potential factors could include the gradual
improvement of surgical procedures and localization of the
plasmids-MBs to the target lobe. Moreover, similar to hydrody-
namic delivery,?®3® plasmids remain predominantly in episomal
forms after UMGD. There is a rapid ~threefold to fivefold decline
of plasmid vector copy numbers in the initial several days before
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they reach a plateau. Thus, to achieve therapeutic FVIIl expres-
sion, more than 10% peak levels probably need to be produced
in the initial period. Further improvement of the experimental pro-
cedures and development of the next generation of ultrasound
transducers are currently ongoing with the goal of achieving
higher initial levels of gene expression.

When examining the distribution of plasmid copy numbers in dogs
treated with UMGD, the average values in a whole liver lobe were pre-
sented. Because of the nature of our gene delivery method and the
area of focus of the H114H transducer, the treated lobes contained
focal untreated areas which resulted in variable transfection. Despite
this, we demonstrated that on average, treated lobes showed signifi-
cantly higher plasmid copy numbers compared with the control and
untreated lobes, indicating significantly enhanced plasmid transfection
by UMGD treatment.

Currently, adenoviral-associated vector (AAV)-mediated gene thera-
pies have gained popularity as a promising treatment for hemophilia
A3 Although AAV therapies are progressing toward approval for
clinical use, current applications are unavailable to a large portion of
patients with hemophilia, including pediatric patients and patients with
FVIII inhibitors or preexisting AAV neutralizing antibodies and/or
comorbidities.*®374%*! Those who did not have antibodies before
gene therapy develop persistently high-titer antibodies to the viral cap-
sid and thus cannot be treated repeatedly.>®3” Although most studies
have not noted genotoxicity after AAV-mediated gene delivery,*>*3
research has shown that AAV vectors have the potential to integrate
into the host cell genome,** causing clonal expansions and encourag-
ing stricter long-term follow-up.*>#®

UMGD has emerged as an effective gene transfer approach with
great translational potential for treating various diseases.'”?°47% |n
comparison with viral gene transfer, UMGD transfers plasmid vec-
tors that are relatively easy to prepare and more cost-effective; it
also elicits reduced immune responses'* and prevents random inte-
gration into the host genome that can lead to oncogenic events.®
Common criticisms of UMGD are that gene transfer efficiency is
often low, and that the parameters required to perform successful
gene delivery can cause tissue damage because of heat accumula-
tion or microvascular damage from MB cavitation. In addition, most
studies are performed in vitro or in a small animal model, which
leaves questions about their potential relevance to human applica-
tions."®"® In our study, we showed that UMGD can be optimized to
improve gene transfer efficiency in a large animal model and demon-
strated promise for translation of this technique to human trials. We
also showed that ultrasound transducer design and treatment
parameters can be adjusted to minimize tissue damage to asymp-
tomatic levels. Furthermore, we previously demonstrated that with
appropriate transgene expression cassettes in the plasmid vectors,
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