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Hydrodynamics-based gene transfer has been successfully em-
ployed for in vivo gene delivery to the liver of small animals
by tail vein injection and of large animals using a computer-as-
sisted and image-guided protocol. In an effort to develop a hy-
drodynamic gene delivery procedure clinically applicable for
gene therapy, we have evaluated the safety and effectiveness
of a lobe-specific hydrodynamic delivery procedure for hepatic
gene delivery in baboons. Reporter plasmid was used to assess
the gene delivery efficiency of the lobe-specific hydrodynamic
gene delivery, and plasmid-carrying human factor IX gene
was used to examine the pattern of long-term gene expression.
The results demonstrated liver lobe-specific gene delivery, ther-
apeutic levels of human factor IX gene expression lasting for
>100 days, and the efficacy of repeated hydrodynamic gene de-
livery into the same liver lobes. Other than a transient increase
in blood concentration of liver enzymes right after the injec-
tion, no significant adverse events were observed in animals
during the study period. The results obtained from this first
non-human primate study support the clinical applicability
of the procedure for lobe-specific hydrodynamic gene delivery
to liver.
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INTRODUCTION
Recent successes in gene therapy research1–3 inspire new efforts to
develop safer and more therapeutically effective gene therapy proced-
ures for disease treatment. Various strategies including viral vectors,4

non-viral vectors,5 and their combination with genome editing tech-
nologies6,7 have been tested for this purpose. Among the non-viral
strategies, hydrodynamic gene delivery is one of the promising
methods that was firstly reported in 1999 by Liu et al.8 and Zhang
et al.9 Hydrodynamic gene delivery employs a physical force gener-
ated by the combined effect of injection speed and volume of
gene-containing solution that permeabilizes cell membrane and ac-
complishes intracellular gene transfer. Based on the results of gene
expression studies performed in rodents, there have been attempts
to use this technique for therapeutic gene transfer in the clinic. To
Molecular T
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develop a reliable and safe procedure, the original procedure of tail
vein injection was modified to target specific organs and deliver genes
by employing X-ray image-guided catheterization to specific ves-
sels10–13 and transient occlusion of blood flow to generate hydrody-
namic pressure.14–16 In addition, we have established a computer-as-
sisted injection device to ensure reproducibility and gene delivery
efficiency with minimal volume of DNA solution.17 The safety and ef-
ficacy of the computer-controlled and image-guided hydrodynamic
gene delivery were demonstrated by achieving high levels of liver
lobe-specific reporter gene expression in pigs10,12 and dogs13 with a
90% reduction in injection volume per body weight from the original
protocol. To further explore the applications of this procedure, this
study was undertaken to perform the first preclinical trial of hydrody-
namic gene delivery in baboons. The goal of the study was to evaluate
the efficiency and safety of the procedure in a non-human primate an-
imal model. For this purpose, we conducted computer-controlled,
image-guided, liver lobe-specific hydrodynamic gene delivery of plas-
mids that express luciferase reporter and human factor IX (hFIX) in
baboons.
RESULTS
Lobe-specific gene delivery and its expression in the liver of the

baboon by hydrodynamic gene delivery

The image-guided, liver lobe-specific gene delivery was examined for
its reliability and safety in the baboon. The procedure involves the
insertion of a balloon catheter into a target hepatic vein under
X-ray image guidance, balloon inflation to block the backflow
herapy: Nucleic Acids Vol. 32 June 2023 ª 2023 The Author(s). 903
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(Figure 1A), and then computer-controlled hydrodynamic injection
of the pCMV-Luc plasmid DNA solution. This procedure was per-
formed sequentially in the four hepatic veins to target the right lateral
lobe (RLL), the right medial lobe (RML), the left medial lobe (LML),
and the left lateral lobe (LLL) with the optimal injection volume of
2.5� lobe volume (approximately 250 mL). Using the computer-
controlled injector,17 the injection time-intravascular pressure curve,
which we developed in the previous study,12 was utilized to monitor
the procedure in all injections (Figure 1B). The successful lobe-spe-
cific distribution of plasmid solution was confirmed using ultrasonog-
raphy upon the injection in a real-time manner (Figure 1C). The lobe-
specific gene expression of luciferase was confirmed by the luciferase
activity showing the highest level at 106–107 RLU/mg of protein in the
four injected lobes homogeneously, which was significantly higher
than the activity in the non-injected caudate lobe (CL) (p < 0.001)
(Figure 1D). Immunohistochemical staining showed lobe-specific
distribution of 10%–15% of positively stained cells (Figure 1E), which
was significantly higher than the level in the non-injected CL
(p < 0.001) (Figure 1F). Based on these results, the hFIX-expressing
plasmid (pBS-HCRHP-FIXIA) was hydrodynamically injected with
different injection volumes and numbers of hepatic veins to examine
the effects of different parameters on hFIX level in the blood of the
baboons (Figure 1G, 1st injection).

The lobe-specific distribution of the plasmid DNA was confirmed by
polymerase chain reaction analyses of DNA isolated from the liver
lobes and other organs 210 days after the first injection of M3 and
210 days after the second injection of M2, M4, and M5 baboons,
respectively (Figures 1H and 1I). Extrahepatic gene transfer was not
detected in the brains, lungs, hearts, kidneys, spleens, small intestines,
colons, stomachs, aortas, inferior vena cava, muscles, eyes, bone mar-
rows, and ovaries (representative data of M5 are shown in Figure 1I).
Figure 1. Liver lobe-specific hydrodynamic gene delivery in baboons

(A) Fluoroscopic images of hepatic veins following the lobe-specific catheterization in ba

left medial hepatic vein; LLHV, left lateral hepatic vein. The white arrows indicate the bal

DNA solution in 12.5 sec. (C) Ultrasonographic images before and after lobe-specific hy

was revealed by ultrasound upon injection. The white arrow indicates the balloon at th

solution. (D) Average level of luciferase gene expression 24 h after hydrodynamic gene de

right medial lobe; LML, left medial lobe; LLL, left lateral lobe. n = 10 each for the RLL, R

between all injected lobes and CL. One-way ANOVA was followed by Bonferroni’s mult

liver sections using anti-luciferase antibody. The black arrow indicates positively stained

positively stained cells. 10 liver samples randomly collected from each lobe (a total of 5

antibody, and quantitative analysis was performed on two fields (a total of 50 fields in a liv

Health, USA). The values represent mean ± SD. ***p < 0.001 between all injected lobes

RLL, right lateral lobe; RML, right medial lobe; LML, left medial lobe; LLL, left lateral lobe

baboon. Body weight, injection volume, hepatic vein targeted, and injected plasmid are

DNA extracted from baboon livers was used as template for 30 cycles of PCR amplificati

for the hFIX intron in pBS-HCRHP-FIXIA plasmid. The glyceraldehyde 3-phosphate dehy

1, 10 ng/mL of pBS-HCRHP-FIXIA plasmid DNA; 2, 4, 6, 8, and 10, RLL from M1–M5

represents the 647-bp pBS-HCRHP-FIXIA plasmid fragment. The black arrowhead repr

PCR analysis was performed on total DNA extracted from various organs in M5 using 30

and the reverse primer for the hFIX intron in pBS-HCRHP-FIXIA plasmid. Glyceraldehy

Lanes are as follows: 1, 10 ng/mL of pBS-HCRHP-FIXIA plasmid DNA; 2, brain; 3, lung

inferior vena cava; 12, muscle; 13, eye; 14, bone marrow; 15, ovary. The black arrow r

represents the 122-bp Gapdh fragment.
To confirm that the lack of detection of pBS-HCRHP-FIXIA in non-
hepatic organs is not due to variability in DNA extraction efficiency
among different tissue samples by the Qiagen DNA isolation kit,
we selected three organs from the M1 baboon, the liver that showed
the detectable level of transgene and kidney and lungs that showed
negative signal and spiked to the same amount of tissue samples
with 0, 0.1, 1.0, 10.0, or 100.0 pg of pBS-HCRHP-FIXIA plasmid, fol-
lowed by polymerase chain reaction (PCR) analysis on the extracted
DNA. The results show the same pattern of PCR bands among the
three different tissues that were spiked with different amounts of
plasmid DNA (Figure S1). These results provide evidence in support
that the lack of detection among the non-hepatic tissues is likely due
to lack of successful gene delivery to these organs.

Efficacy of the procedure on gene expression and effect of gene

readministration

The effect of the procedure on gene expression was assessed using an
hFIX-expressing plasmid (pBS-HCRHP-FIXIA) to determine the
clinical applicability of the procedure in terms of the plasma level
of transgene product and the feasibility of gene readministration.
The first delivery of the hFIX gene was performed with a range of pa-
rameters into four baboons M2–M5 (Figure 1G) and determined the
best setting that achieved the highest level of hFIX protein in the
plasma. The plasmid solutions of 2�, 2.5�, and 3� lobe volumes
were injected into each of the four hepatic veins in M2, M3, and
M4, respectively, and the coagulation activity and plasma concentra-
tion of hFIX were evaluated. Based on the results of our previous
study, an injection speed of 20 mL/s was used.13 For M5, the plasmid
solution was injected through three hepatic veins with 2.5� lobe vol-
ume to assess the reduction effect for the number of targeting hepatic
veins (Figure 1G). Among the three baboonsM2–M4,M3 showed the
highest plasma hFIX level of 31.4 mg/mL (Figure 2A) along with the
boon liver. RLHV, right lateral hepatic vein; RMHV, right medial hepatic vein; LMHV,

loon inflated. (B) Intravascular pressure profile upon injection of 2.5� lobe volume of

drodynamic injection into the RMHV. The injected DNA solution in the target RMHV

e tip of the catheter. The white arrowhead indicates the distribution of the injected

livery in each liver lobe in baboonM1 (CL, caudate lobe; RLL, right lateral lobe; RML,

ML, LML, and LLL, n = 5 for the CL). The values represent mean ± SD. ***p < 0.001

iple comparison test. (E) Representative images of immunohistochemical staining of

hepatocytes. Scale bars represent 50 mm. (F) A quantitative analysis of percentage of

0 samples in a liver) in M1 were immunohistochemically stained with anti-luciferase

er) from each section using the ImageJ software (version 1.54d; National Institutes of

and CL. One-way ANOVA was followed by Bonferroni’s multiple comparison test.

; CL, caudate lobe. (G) Parameters considered for hydrodynamic injections in each

shown. (H) Multiplex PCR analysis of plasmid distribution among different liver lobes.

on using the forward primer for the hAAT promoter sequence and the reverse primer

drogenase gene (Gapdh) gene was used as an internal control. Lanes are as follows:

, respectively; 3, 5, 7, 9, and 11, LML from M1–M5, respectively. The black arrow

esents the 122-bp Gapdh fragment. (I) Tissue distribution of plasmid DNA. Multiplex

cycles of PCR amplification with a forward primer for the hAAT promoter sequence

de 3-phosphate dehydrogenase gene (Gapdh) gene was used as internal control.

; 4, heart; 5, kidney; 6, spleen; 7, small intestine 8, colon; 9, stomach; 10, aorta; 11,

epresents the 647-bp pBS-HCRHP-FIXIA plasmid fragment. The black arrowhead
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Figure 2. Efficacy of the lobe-specific hydrodynamic delivery on gene expression and effect of gene readministration

(A and B) The plasma concentration and coagulation activity of hFIX in M2–M5 after the first and second set of sequential injections in M2, M4, and M5 baboons. Blood

concentration of hFIX and coagulation activity values are expressed as mean ± SE. (C) The representative images of immunohistochemical staining of hFIX in the RLL of M1

baboon injected with pCMV-Luc and each lobe of M3 baboon injected with pBS-HCRHP-FIXIA. Scale bar represents 50 mm. Black arrows represent positively stained

hepatocytes, and black arrowheads represent central hepatic vein. (D) A quantitative analysis of the percentage of positively stained cells with anti-hFIX antibody. The values

represent mean ± SD. ***p < 0.001 between all injected lobes and CL. One-way ANOVA followed by Bonferroni’s multiple comparison test. CL, caudate lobe; RLL, right

lateral lobe; RML, right medial lobe; LML, left medial lobe; LLL, left lateral lobe.
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coagulation activity of 53% 10 days after the gene delivery, which was
sustained above the therapeutic level of approximately 30% for the
subsequent 200 days (Figure 2B). On the contrary, baboons M2 and
906 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
M4 showed peak levels of 2.6 and 3.2 mg/mL, which were approxi-
mately 10 times lower than the concentration in M3 and slowly
declined with time and returned to the background value (Figure 2A).
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Coagulation activities, which peaked at up to 35% and 36%, slowly
declined over the course and returned to background level by
100 days following the first injection (Figure 2B). In M5, the highest
hFIX concentration and coagulation activity values were 6.6 mg/mL
and 45%, respectively, which were higher than the values for M2
and M4 but substantially lower than those for M3. There was no in-
crease in hFIX protein or coagulation activity after the delivery of
pCMV-Luc plasmids (data not shown). These results suggest that
the lobe-specific hydrodynamic gene delivery injecting 2.5� lobe vol-
ume into four hepatic veins is a better condition for delivering hFIX-
expressing plasmid to achieve the supraphysiologic level of hFIX in
non-human primates. To confirm the efficacy of the tested parame-
ters (2.5� lobe volume into four hepatic veins) and evaluate the safety
of readministration, M2, M4, and M5 received a second injection of
pBS-HCRHP-FIXIA plasmids under the tested conditions 210 days
after the first injection when both the plasma hFIX level and the coag-
ulation activity returned to the background levels. The hFIX expres-
sion in the plasma peaked at 19.3, 12.0, and 30.5 mg/mL in M2, M4,
and M5, respectively, within 10 days after the second injection, which
was 5–10 times higher than the level obtained after the first injection
(Figure 2A). The level was maintained at >1.0 mg/mL for 100–
150 days. Consistently, coagulation activities achieved 51%, 49%,
and 47%, respectively, which were approximately 20% higher than
those after the first injection (Figure 2B) and were similar to that in
M3. To confirm the site-specific gene expression in the liver, all ani-
mals were euthanized 210 days after injection with 2.5� lobe volume
into four hepatic veins (after the first injection to M3 and the second
injection toM2,M4, andM5). Immunohistochemical staining of liver
tissues using anti-hFIX antibody showed lobe-specific distribution of
the positively stained cells compared with the non-injected CL (Fig-
ure 2C), and the proportion of positively stained cells ranged from
15% to 25% of the hepatocytes in the injected liver lobes with no sig-
nificant difference among animals and lobes (Figure 2D). The posi-
tively stained cells were enriched in the area close to the central hepat-
ic vein, zone III (Figure 2C). The LML in M5, which received the
injection only once, showed a relatively lower number of positively
stained cells in comparison with other lobes in the same animal.
These results suggest the reproducibility of the procedure with
optimal parameters and the consistent gene expression upon sequen-
tial administration in baboons. Overall, these results support the
notion that computer-controlled image-guided hydrodynamic gene
delivery is capable of achieving physiologic levels of gene expression.

Safety evaluation

To determine the safety of the procedure, biophysical and biochem-
ical analyses were performed on the baboons during and after the
gene delivery. All four baboons of M2–M5 showed no body weight
loss after hydrodynamic injection of the hFIX-expressing plasmid
(Figure 3A). Other than a transient increase in carbon dioxide con-
centration in the expiratory air, no significant changes in heart rate,
blood oxygen saturation, or body temperature were observed after
the sequential hydrodynamic injections of 2.5� lobe volumeDNA so-
lution, including either pCMV-Luc or pBS-HCRHP-FIXIA, into four
hepatic veins of M1–M4 (Figure 3B). No changes were seen on the
electrocardiogram before, immediately after, and 5 and 20 min after
the injection (Figure 3C). The serum levels of liver-related enzymes
showed 10- to 20-fold increase in aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) 24 h after each injection of
2.5� lobe volume in M2–M5, which returned to normal within a
week (Figure 3D). In terms of lactate dehydrogenase (LDH), the
serum concentration increased 2- to 3-fold 24 h after each round of
injection and remained elevated for 200 days (Figure 3D). Hematox-
ylin and eosin staining was used to evaluate the impact of hydrody-
namic injection on liver tissues 24 h after the injection in M1. The
sinusoid and hepatocytes were significantly larger in the injected lobes
than the non-injected CL, and the cytoplasm of the hepatocytes was
more transparent (Figure 3E). No differences were observed in the
lobes of the M3 baboon 210 days after the second injection of pBS-
HCRHP-FIXIA (Figure 3F). No inflammatory cell infiltration or liver
fibrosis that indicates chronic damage was seen in any of M2–M5 on
210 days after 2.5� lobe volume hydrodynamic injection (data not
shown). To further examine the safety of the procedure, time-depen-
dent changes in immune-related cytokines were assessed after hydro-
dynamic gene delivery (Figure 4). There were no significant increases
in the serum concentration of interferon-g, interleukin-2, and
interleukin-8 even after the second injection of the hFIX-expressing
plasmid, while a transient increase was observed for muscle stretch-
ing-related cytokines of tumor necrosis factor alpha (TNF-a), mono-
cyte chemoattractant protein-1 (MCP-1), and interleukin-6 (IL-6) 2 h
after the injection (Figure 4).

DISCUSSION
While we have previously demonstrated the efficacy of the lobe-specific
hydrodynamic delivery of reporter genes to the liver in large ani-
mals,10,12,13 the level of gene expression achieved at therapeutic level
has not been reported. Regarding hemophilia gene therapy, various
gene deliverymethods, including viral vector-based,18–22 non-viral vec-
tor-based,23,24 and in vivo gene editing procedures,25–29 have been stud-
ied in small animal models, but the efficacy in large animal models was
insufficient.20,22,30 In this study, we demonstrate that the appropriate
hydrodynamic parameters, including injection volumes and speed,
achieved the therapeutic level of hFIX in baboons. In addition, gene
expression at therapeutic level was regained from the baseline with
the repeated administration 210 days after the first injection. We also
demonstrate in baboons that the image-guided and liver lobe-specific
hydrodynamic gene delivery of hFIX-expressing plasmid achieved
site-specific genedelivery and coagulation activity above the therapeutic
threshold of 10%31 and plasma concentration of hFIX greater than
1.0 mg/mL for 100–150 days with no persistent negative events.

Hemophilia gene therapy has been conducted using adeno-associ-
ated virus (AAV) vectors.18,32,33 It has been previously reported
that AAV system is capable of successful gene delivery and induc-
tion of coagulation activity above the therapeutic threshold. The
drawback of the AAV system revealed in these earlier studies, how-
ever, is the immunologic responses elicited by preexisting anti-AAV
neutralizing antibodies,34 innate and adaptive immune response to
the viral vector, and cytotoxic T cell responses against the vector
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 907

http://www.moleculartherapy.org


H
R

 (b
pm

)
Sp

O
2 

(%
)

B
T (

)
Exp. C

O
2 (%

)

Time (min)

0
10

20
30

40
50

0

50

100

150

200

0 50 100 150 200 250

M4: pBS-hFIX, 
3x lobe volume

0
10
20
30

40
50

0

50

100

150

200

0 50 100 150 200 250

M2: pBS-hFIX, 
2x lobe volume

H
R

 (b
pm

)
Sp

O
2 

(%
)

B
T (

)
Exp. C

O
2 (%

)

B

0
10

20
30
40
50

0

50

100

150

200

0 50 100 150 200 250

M1: pCMV-Luc, 
2.5x lobe volume

Time (min)

0

10
20

30
40

50

0

50

100

150

200

0 50 100 150 200 250

M3: pBS-hFIX, 
2.5x lobe volume

A

B
od

y 
W

ei
gh

t (
kg

)

Time from Arrival (Year)

M3

M5

M4

M2

14

18

22

26

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5

Prior

Immediately 
After

5 min

20 min

Immediately 
After

5 min

20 min

Immediately 
After

5 min

20 min

Immediately 
After

5 min

20 min

Injection to RLL

Injection to RML

Injection to LML

Injection to LLL

C

F

CL RLL RML LML LLL

D

LD
H

 (U
/L

)

0 50 100150200250300350400450

Time (Days)

102

103

104

AL
T 

(U
/L

)

100

101

102

103

AS
T 

(U
/L

)

100

101

102

103

M3

M5
M4

M2

Pre-treatment level
21.2 ± 3.3 U/L

Pre-treatment level
22.2 ± 3.9 U/L

Pre-treatment level
173.4 ± 18.4 U/L

1st 
Injection

2nd 
Injection

E

CL RLL RML LML LLL
24 hrs after

210 days after

Figure 3. Safety assessment

(A) Bodyweights of the baboons before and after hydrodynamic gene delivery.White and black arrowheads indicate the first and second set of injections on day 0 and 210. (B)

Biophysical assessment of heart rate, bloodoxygen saturation (SpO2), body temperature, andcarbondioxideconcentration in expiratory air (Exp.CO2) upon thehydrodynamic

gene delivery in M1–M4 with various injection parameters. Black arrows indicate the injections to RLL, RML, LML, and LLL. (C) Changes in electrocardiogram during the

sequential injections into four liver lobes of RLL, RML, LML, and LLL inM3. (D) Blood concentrations of aspartate aminotransferase (AST), alanine aminotransferase (ALT), and

lactate dehydrogenase (LDH). Black arrows indicate the first and second set of injections on day 0 and 210. Blood samples were collected from the cephalic vein of M2–M5

before (time=0), 1, 2, and 24h, and 4, 7, 14, 28, 56, 84, 112, 140, 168, 196, and 210days after the first set of hydrodynamic injections, and additionally fromM2,M4, andM5at

the same time points after the second set of hydrodynamic injections. Pre-treatment levels of AST, ALT, and LDH are presented as mean ± SE. (E) Tissue damage was

evaluated by hematoxylin and eosin staining of the liver samples from each lobe of M1 baboon 24 h after the injection of pCMV-Luc plasmid DNA and (F) from M3 baboon

210 days after the second set of injections of pBS-HCRHP-FIXIA plasmid DNA. Scale bars represent 100 mm. Black arrow indicates the hepatocyte with increased trans-

parency, and black arrowheads represent central hepatic vein. CL, caudate lobe; RLL, right lateral lobe; RML, rightmedial lobe; LML, left medial lobe; and LLL, left lateral lobe.

Molecular Therapy: Nucleic Acids

908 Molecular Therapy: Nucleic Acids Vol. 32 June 2023



TN
F-

(p
g/

m
l)

M
C

P-
1 

(p
g/

m
l)

IL
-6

 (p
g/

m
l)

0

200

400

600

800

Time (hr)

0

200

400

600

800

Time (hr)

0

50

100

150

200

Time (hr)

0

20

40

60

80

100

0 2 24 48 96
Time (hr)

IF
N

-
(p

g/
m

l)
IL

-8
 (p

g/
m

l)
IL

-2
 (p

g/
m

l)

0
10
20
30
40
50
60

Time (hr)

0

2000

4000

6000

8000

Time (hr)

0

200

400

600

800

Time (hr)

0

200

400

600

800

Time (hr)

0

50

100

150

200

Time (hr)

0

20

40

60

80

100

Time (hr)

0
10
20
30
40
50
60

Time (hr)

0

2000

4000

6000

8000

Time (hr)

IF
N

-
(p

g/
m

l)
IL

-8
 (p

g/
m

l)
IL

-2
 (p

g/
m

l)
TN

F-
(p

g/
m

l)
M

C
P-

1 
(p

g/
m

l)
IL

-6
 (p

g/
m

l)

BA

C D

E F

HG

JI

K L

M2

M5

M4
noitcejnIdn2noitcejnIts1

0 2 24 48 96

0 2 24 48 96

0 2 24 48 96

0 2 24 48 96

0 2 24 48 96

0 2 24 48 96

0 2 24 48 96

0 2 24 48 96

0 2 24 48 96

0 2 24 48 96

0 2 24 48 96

(legend on next page)

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 32 June 2023 909

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
capsid protein35,36 hampering persistent transgene expression and
precluding repetitive administration.24,37,38 Comparing to AAV sys-
tem, hydrodynamic delivery of naked DNA elicited only a minor
immunological response, and therefore, it is possible to regain the
therapeutic level of gene expression via repeated administration af-
ter the transgene express had returned to a basal level. In addition, it
was reported that AAV vector administration resulted in the inte-
gration of the AAV genome, leading to the clonal expansion of
transduced liver cells in dogs30 and the development of liver cancer
in 33% of the mice treated.39 At this point, it is reasonable to assume
that hydrodynamic delivery of plasmid DNA without any other
component involved poses the least possibility of causing an inte-
gration event in the host genome.

The fact that the image-guided, liver lobe-specific gene delivery revealed
considerably low gene expression in non-injected CL and non-injected
organs adds to our method’s targeting specificity and long-term biolog-
ical safety. The impact of the hydrodynamic injection is generated by the
combined effects of injection volume and speed,8,40,41 which resulted
in rapid liver expansion, stretching of the hepatocytes, and increase
of hepatocyte cell membrane permeability, allowing gene-containing
solution to enter cell interior. Tissue enlargement and increased trans-
parency of the hepatocyte cytoplasm revealed by histological examina-
tion coincide with the release of cytoplasmic AST, ALT, and LDH into
the blood.10,12,13 As previously reported in mice,8,40 pigs,12 and dogs,13

these changes were related to successful gene delivery and the induction
of the cytokines related tomyocytes and vascular stretching after hydro-
dynamic delivery, such as TNF-a,42 MCP-1,43,44 and IL-6.42 In this
context, it is interesting to observe a sustained elevation of LDH indi-
cating the presence of tissue damage. While additional work is needed
to sort outwhere the damage occurs, the transient nature of rising blood
concentration of liver-specific enzymes such as AST and ALT induced
by the procedure would suggest that the LDH release may not involve
hepatocytes. However, as the time course of LDH resembled with that
of coagulation activity, it is also possible that excessive expression of
hFIX in liver cells may change the anaerobic metabolic conditions in
the cells.45 Additional analysis concentrating on the LDH isozymes
and longer-term studies will illustrate the mechanisms further. A tran-
sient increase in carbondioxide concentration in the expiratory air upon
the injection could be caused by the high-pressure carbon dioxide used
by the in-house-developedhydrodynamic injector to drive theDNA so-
lution into the hepatic veins.17 To overcome this problem, we have been
developing a new injection device using an electric motor to drive the
pressurized injection.23

Lack of transgene detected in the non-hepatic organs (Figure 1I) sup-
ports the notion that the hydrodynamic impact, essential for intracel-
lular gene transfer, is not established in the non-hepatic tissues
following the procedure of our lope-specific hydrodynamic injection.
Figure 4. Effect of the procedure and readministration of plasmid DNA on imm

Blood samples were collected from the cephalic vein of M2, M4, and M5 before (time

Concentrations of interferon-g (IFN-g) (A, B), interleukin-2 (IL-2) (C, D), interleukin-8 (I

protein-1 (MCP-1) (I, J), and interleukin-6 (IL-6) (K, L).
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However, it is important to point out that lack of reporter gene de-
tected in the non-hepatic tissues demonstrated by PCR is an impor-
tant piece of evidence in support of liver-specific gene delivery of the
procedure. This conclusion derived from the results in Figure 1I is
based on a pre-assumption that Qiagen kit employed for DNA extrac-
tion has equal efficiency in extracting plasmid DNA from all of the
tissues of the organs examined, although this assumption has been
partially validated in the liver, kidney, and lung (Figure S1).

The level and persistency of gene expression have been themajor focus
of gene therapy. The blood concentration of hFIX in baboons receiving
hydrodynamic delivery of hFIX gene is greater than 1.0 mg/mL for
100–150 days, reaching a similar level obtained in the rats with
>1.0 mg/mL lasting for 70 days.24 However, this time frame is signifi-
cantly shorter than >5 years achieved by the AAV vectors in rhesus
macaques.20,21 Gradual decrease of hFIX level seen in our study is
likely caused by gene silencing, although production of the ant-hFIX
inhibitors remains another possibility. A similar profile of hFIX level
in blood between the first and second hydrodynamic gene delivery
does not support the possibility of generation of anti-hFIX antibodies
in baboons. It remains to be seen in non-human primates whether the
strategies proven effective in small animals using immune suppression
agents, transposon systems, the minicircle plasmid DNA, and even a
CRISPR-Cas9-based genome editing systemwill sustain the transgene
expression for a desirable time period for effective gene therapy.

In summary, the following are the major findings of our work: (1) the
site-specific gene delivery and transgene expression were achieved
safely and effectively in the baboons, (2) no immunological reactions
were observed even after the second injection of the same genes, and
(3) the hydrodynamic parameters employed are effective but not
optimal and need more testing with a larger number of animals for
improved delivery efficiency and safety. More importantly, our re-
sults, although involving only five baboons, provide direct evidence
in support the notion that lobe-specific hydrodynamic gene delivery
to liver is applicable to humans, and clinical trials can be conducted.

MATERIALS AND METHODS
Materials

The pCMV-Luc plasmid containing firefly luciferase cDNA driven by a
CMV promoter and pBS-HCRHP-FIXIA were purified by CsCl-
ethidium bromide gradient centrifugation and kept in a Tris-EDTA
buffer. The pBS-HCRHP-FIXIA was kindly provided by Dr. Carol
Miao. The pBS-HCRHP-FIXIA is abbreviated from pBS-ApoEHCR-
hAATp-hFIX+IntA-bpA, and the expression cassette contains a human
a1 anti-trypsin (hAAT) promoter, hFIX cDNA, a truncated hFIX
intron A, and a bovine growth hormone polyadenylation signal.46–48

The purity of the plasmid preparation was determined by measuring
absorbance at 260 and 280 nm and 1% agarose gel electrophoresis.
une- and muscle stretching-related cytokines

= 0), 2, 24, 48, and 96 h after the first and second set of hydrodynamic injections.

L-8) (E, F), tumor necrosis factor alpha (TNF-a) (G, H), monocyte chemoattractant
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The luciferase assay kit was obtained from Promega (Madison, WI,
USA). The introducer and the 9-Fr sheath for image-guided catheter
insertion were obtained from COOK (Bloomington, IN, USA), and
the guide wire (ZIP wire) was obtained from Boston Scientific (Natick,
MA, USA). Injection balloon catheters (9 Fr) were purchased from To-
kai Medical (Kasugai, Aichi, Japan). The MIKRO TIP catheter trans-
ducer was obtained fromMillar (Houston, TX, USA). The contrast me-
dium (OXILAN) was purchased from Guerbet (Bloomington, IN,
USA). The WavelineVet Vital Signs Monitor to monitor physiological
parameters in animals was obtained from DRE Veterinary (Louisville,
KY, USA).

Animal experiments

Five female baboons (15–20 kg) were purchased from the University of
Oklahoma and named M1–M5 (Figure 1G). All animal experiments
were conducted in full compliance with the regulation of and approval
by the Institutional Animal Care and Use Committee of the University
of Pittsburgh, Pittsburgh, Pennsylvania, which also approved the study
protocol (0909604). All animals received humane care according to the
criteria outlined in the “Guide for the Care and Use of Laboratory An-
imals” prepared by the National Academy of Sciences (USA).
Throughout the study, the animals were monitored for general condi-
tion and body weight, as well as their electrocardiogram, heart rate,
blood oxygen saturation, body temperature, and carbon dioxide con-
centration in the expiratory air during the gene delivery procedure.
Througha skin incisionon thebaboons, a 9-Fr short sheathwas inserted
in the jugular vein under general anesthesia. The animals were then
placed on the YSF-100 fluoroscopy machine table (Shimadzu, Naka-
gyo-ku, Kyoto, Japan). Following an insertion of the injection catheter,
the balloon was inflated by injection of 1mL of phase contrast medium.
Obstruction of blood flow was verified by injecting a small volume of
phase contrast medium into the vasculature through the catheter.

Hydrodynamic injection

Injections of saline containing either pCMV-Luc (100 mg/mL) or
pBS-HCRHP-FIXIA plasmid DNA (100 mg/mL) via the balloon cath-
eter were performed with the injection speed of 20 mL/s using the
HydroJector according to data obtained in the previous studies.10,12,13

The injection volume was determined based on the estimated lobe
volume using the method of previous studies.12,49 Liver lobe-specific
hydrodynamic gene delivery was performed for five baboons on day 1
(Figure 1). Three of these baboons (M2, M4, and M5) received a sec-
ond injection 210 days after the first injection. Intravascular pressure
was transmitted to the computer using a MIKRO TIP catheter trans-
ducer inserted via the catheter into the hepatic veins. After the injec-
tion, the balloon remained inflated for 20 min and then slowly
deflated. Sequential injection into multiple hepatic veins was per-
formed with 30-min intervals between injections. The animals other
than M1 received an antibiotic with amoxicillin for 5 days after hy-
drodynamic gene delivery.

Analysis of luciferase gene expression

The liver of M1 was removed 24 h after hydrodynamic delivery of the
pCMV-Luc plasmid. 10 liver samples from each of the four injected
lobes and five samples from the non-injected CL were collected for
the luciferase assay. Luciferase and protein assays were performed ac-
cording to the previously established procedure.8 10 liver samples
were collected from each of the five lobes and fixed in 10% formalin,
embedded in paraffin, and sections (10 mm) were prepared. Standard
immunohistochemical staining was performed with a goat anti-lucif-
erase polyclonal antibody (G7451, 1:50 dilution; Promega, Madison,
WI), VECTASTAIN Elite ABC Goat IgG kit (PK–6105; Vector Lab-
oratories, Burlingame, CA) and DAB chromogen tablet (Muto Pure
Chemicals, Bunkyo-ku, Tokyo) for luciferase staining. A microscopic
examination was performed, and photo images were recorded using a
Leitz DMRB imaging system (Leica, Wetzlar, Germany).

Analysis of serum hFIX expression

M2–M5 were hydrodynamically injected with the pBS-HCRHP-
FIXIA plasmid. Blood samples were collected from their cephalic
veins before and 4, 7, 14, 28, 56, 84, 112, 140, 168, 196, and
210 days after the first and second gene delivery of pBS-HCRHP-
FIXIA plasmid. Plasma samples were collected for the enzyme-linked
immunosorbent assay (ELISA) and assay for coagulation activity. For
ELISA, a mouse anti-hFIX monoclonal antibody (clone HIX-1,
F2645, Sigma, St. Louis, MO) was used for plate coating, and an
HRP-conjugated goat anti-hFIX polyclonal antibody (GAFIX-HRP,
Affinity Biologicals, Ancaster, ON) was used as the second antibody
for binding to hFIX that bound to the well, as previously reported.50

The coagulation activity was quantified by the clotting factor test for
factor IX using factor IX-deficient plasma, which was outsourced to
BML (Shibuya-ku, Tokyo, Japan).

Histological analysis for hFIX expression

Tissue samples for immunohistochemical staining were collected
210 days after the first injection of pBS-HCRHP-FIXIA for hFIX
staining in M3 and 210 days after the second injection in M2, M4,
and M5. Five liver sections from each of the five lobes (n = 25 from
each animal) in four baboons (M2–M5) and two sections each
from a normal baboon (n = 10) were immunohistochemically stained
with anti-luciferase (control) or anti-hFIX antibody. Tissues were
fixed in 10% formalin upon collection and embedded in paraffin. Sec-
tions (10 mm) were prepared, and standard immunohistochemistry
was performed. A rabbit anti-hFIX polyclonal antibody (HPA
000254, 1:100 dilution; Sigma), VECTASTAIN Elite ABC Rabbit
IgG kit (PK-6101; Vector Laboratories), and DAB chromogen tablet
(Muto Pure Chemicals) were used for hFIX staining, as reported pre-
viously.27 Two fields from each section (a total of 50 fields for each
animal) were randomly captured for hFIX staining, and quantitative
analysis of positively stained cells was performed using ImageJ soft-
ware (version 1.54d; National Institutes of Health, USA) following
a previously reported method.51

Genomic DNA isolation and polymerase chain reaction analysis

Sections of the livers, brains, lungs, hearts, kidneys, spleens, small in-
testines, colons, stomachs, aortas, inferior vena cava, muscles, eyes,
bone marrows, and ovaries were collected, and DNA was isolated
using a DNA extraction kit (Qiagen, Germany). Multiplex PCR was
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 911
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performed on the samples, and a vector DNA with the forward PCR
primer GGATCCACTGCTTAAATACG from the hAAT promoter
sequence and the reverse primer GATTTCAAAGTGGTAAGTCC
from the FIX intron was used to detect plasmid DNA expressing
hFIX following Manno et al.37 The Gapdh gene was used as an inter-
nal control with the forward primer AGGTCGGAGTGAACGGA
TTTG and the reverse primer TGTAGACCATGTAGTGGAG
GTCA. Samples of 2 mL were amplified in a 20-mL PCR reaction
with a program of 10 min at 95�C and 30 cycles for 30 s at 95�C,
30 s at 55�C, and 1 min at 72�C, followed by a 7-min extension at
72�C. PCR products were separated on a 3% agarose gel in an electric
field of 17 V/cm and stained with ethidium bromide.

Assessment of tissue damage

Blood samples were collected from the cephalic vein of M2–M5
before (time = 0), 1 , 2 , and 24 h, and 4, 7, 14, 28, 56, 84, 112, 140,
168, 196, and 210 days after the first hydrodynamic injection and
also from M2, M4, and M5 at the same time points after the second
hydrodynamic injection. Serum biochemical analyses were per-
formed by the Cleveland Office of Marshfield Labs. The liver tissue
samples collected from a normal baboon, M1 (24 h after the injection
of pCMV-Luc), and M2–M5 (210 days after the second injection of
pBS-HCRHP-FIXIA) were analyzed by hematoxylin and eosin stain-
ing for tissue damage. Hematoxylin and eosin staining was performed
on liver tissues in the pathology laboratory of the Department of Pa-
thology, University of Pittsburgh. The cytokines were analyzed using
blood samples obtained before (time = 0), 2, 24, 48, and 96 h by
GeneticLab (Sapporo, Hokkaido, Japan) using the Luminex 200 Sys-
tem with the MILLIPLEXMAP Non-Human Primate Cytokine Mag-
netic Bead Panel kit (Merck Millipore, PRCYTOMAG-40K-08).52

Statistical analysis

The luciferase and hFIX assays were evaluated by analysis of variance
(ANOVA), followed by Bonferroni’s multiple comparison test. For
the analyses, GraphPad Prism 9 software (version 9.3.1; GraphPad,
San Diego, CA, USA) was used, and p < 0.05 was considered statisti-
cally significant.
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