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Promoter CAG is more efficient than hepatocyte-targeting
TBG for transgene expression via rAAVS in liver tissues
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Abstract. The recombinant adeno-associated virus 8 (rAAVS)
vector is a widely used tool in basic research and clinical trials.
The cytomegalovirus immediate-early enhancer/chicken
B-actin (CAG) promoter is a synthetic promoter used in
adenoviral constructs with a wide spectrum and notable
efficiency. The thyroxine binding globulin (TBG) promoter is
a liver-specific promoter, which directs transgene expression
in hepatocytes. However, the transduction efficiency of the
rAAV vector is dependent on both the administration routes
and the promoter elements. In the present study, the transduc-
tion efficiency in the liver following intraperitoneal (IP) and
intravenous (IV) injections of rAAV8 with the CAG, TBG669
and TBG410 promoters was compared. Enhanced green fluo-
rescent protein (EGFP) expression was used as the biomarker
to indicate efficiency. Among the three different promoters,
CAG exhibited the highest efficiency from both IV and IP
injections. Following IV administration, EGFP expression,
induced by the CAG promoter, was 67-fold higher compared
with that in the TBG410 promoter group and 26-fold higher
compared with that in the TBG669 promoter group. EGFP
protein expression was higher with I'V injection compared with
that for IP injection for both the CAG and TBG669 promoters
(P<0.05). With the CAG promoter, EGFP protein expression
was 1.5-fold higher with the use of IV injection than with IP
injection. With the TBG410 promoter, no differences were
observed between the two administrations. In conclusion,
these findings demonstrated that the CAG promoter was much
more efficient at driving gene expression in the liver compared
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with that for the TBG promoters in rAAV8. In addition, IP
administration produced comparable efficiency for gene
delivery via the rAAVS vector, particularly with the promoter
TBG410.

Introduction

The recombinant adeno-associated virus (rAAV) vector has
been widely used in a number of basic and clinical investi-
gations (1). Compared to other viruses, the rAAV vector
possesses numerous advantages for gene delivery, including a
low immunogenicity, low genotoxicity, long-term gene expres-
sion, wide tissue tropism and a high transduction efficiency
in vivo (1-3). In comparison with AAV2, the replication rate
of AAVS has been shown to be 4-10-fold faster and transgene
expression is higher with AAVS8 in mice (4,5). Accordingly,
rAAVS is preferred for liver gene therapy, with the induction
of expression in the majority of hepatocytes and to a lesser
degree in other organs, including the pancreas, spinal cord and
kidney (6).

The key factors affecting the transduction efficacy of
rAAV vectors include vector design, capsid selection, trans-
gene expression cassette design and drug delivery routes (7).
In transgene expression cassette design, regulatory elements
and the cis-acting element play an important role in regulating
transgene expression (8,9). The promoter is a major cis-acting
element in the design of the expression vector, which dictates
the expression, as well as cell-specificity (5,6). Promoters,
with subtle changes, have a variable impact on overall
transgene expression (10). The overall transgene expression
can be increased by up to 90-fold with the cytomegalovirus
(CMV) enhancer (11). The CMV immediate-early enhancer
(CMV-IE)/chicken (-actin (CAG) promoter is a synthetic
promoter (12). The CAG promoter is widely used in rAAV
vectors, and exhibits a potent and long-term transcriptional
activity in rodent livers (13,14). Thyroxine binding globulin
(TBG) is a 54-kDa acidic glycoprotein, which is synthesized
primarily in liver tissues. The TBG promoter is a liver-specific
promoter, which limits transgene expression to hepatic tissues,
with alow distribution in other tissues, including spleen, kidney
and large intestine (15,16). Both the CAG and TBG promoters
have greatly facilitated vector design in liver-targeted gene
therapy (14,16). However, the direct comparison of CAG and
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TBG, with routinely used administrations, has not yet been
reported to date, at least to the best of our knowledge.

Delivery methods affect gene transduction efficiency and
the patterns of the vectors. In the process of transduction, the
intravenous (IV) injection of rAAV is the most typically used
administration route (17,18). However, an IV injection requires
higher technical operations with a low success rate for some
investigators. Compared with other approaches, intraperitoneal
(IP) administration provides several advantages, including
simple technology, the minimal induction of the humoral
immune response and the ability to obtain long-term transgene
expression. IP injection can also transduce genes, with consid-
erable transduction efficiency in the liver (8,19). The selection
of the promoter is the key determinant of transgene expression
intensity and pattern across hepatic lobules (19). However, to
date, to the best of our knowledge, the transduction efficiency
between the IV and IP routes has not been compared for any
of the aforementioned promoters.

In the present study, the transgene expression efficiency
of the CAG, TBG669 and TBG410 promoters in the rAAVS
vector in the liver viaIV and IP administrations was compared.
Enhanced green fluorescent protein (EGFP) protein expres-
sion was examined to indicate the working efficiency of the
three promoters and two administration routes.

Materials and methods

Mouse model and viral vector administration. The animal
study was approved by the Institutional Animal Care and
Use Committee (approval no. IACUC 201903-138) of Ningbo
University (Zhejiang, China) in March 2019. The experiment
was performed in January 2020. A total of 70 male ICR
mice (age, 6-8 weeks; weight, 30+2 g) were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd. The mice
were housed at the Animal Center of Ningbo University and
maintained under 12-h light/dark cycle at 24°C, with a relative
humidity of 50-70%. The mice were provided with free access
to commercial rodent chow and pure water. They were cared
for in accordance with the principles of the Guide for Care and
Use of Experimental Animals issued by Ningbo University.

The mice were randomly divided into seven groups as
follows: The control group (control; n=10), the rAAV8-treated
groups by IV injection (the rAAV8-TBG410-EGFP group, the
rAAVS8-TBG669-EGFP group and the rAAVS-CAG-EGFP
group; n=10 per group) and the rAAV8-treated groups
by IP injection (the rAAV8-TBG410-EGFP group, the
rAAVS8-TBG669-EGFP group and the rAAVS-CAG-EGFP
group; n=10 per group). The vector constructs,
rAAV-TBG410-EGFP, rAAV-TBG669-EGFP and
rAAV-CAG-EGFP, encoding EGFP were designed and
purchased from Guangzhou PackGene Biotech Co. Ltd. The
viral particles were diluted in PBS (Thermo Fisher Scientific,
Inc.) at 1x10" genome copies (GC)/ml immediately prior to
injection and at a total of 1x10'" GC in 100 I PBS was admin-
istered to the mice in the aforementioned groups via either IV
or IP injection. The infusion time for each mouse was ~30 sec.
The mice in the control group were left untreated.

After the administration of rA AVS, the mental state, activity,
eating, hair state of the mice was observed every day. When
there were significant changes in the mental state, behavior,

sharp decrease in activity, sparse hair, the mice would be eutha-
nized to avoid greater pain. In the process of the experiment,
no mice showed the aforementioned symptoms and none were
found dead. After 4 weeks, blood was collected from all mice
by retroorbital bleeding. Then, all of the mice were euthanized
using CO, inhalation at a low flow rate (20% of the volume of
the cage per minute), with ventilation maintained for 1-2 min.
The mice were confirmed dead when no breathing, no corneal
reflexes and body stiffness were examined. The blood samples
were centrifuged at 670 x g for 20 min at 4°C and the serum
was then stored at -80°C until further analysis. A section of
the freshly isolated liver tissue was cut and immediately fixed
with 4% paraformaldehyde (PFA) solution (Shanghai Guoyao
Reagent Co. Ltd.) at 4°C for 24 h. The remaining liver tissues
were kept at -80°C for future analysis.

Western blot analysis of EGFP. Since only 13 of the 15 instru-
ment lanes were available for western blot analysis, the livers
of four mice in each group were randomly selected to compare
the efficiency between IV and IP administration. When the
transgene expression efficiency was compared among the three
promoters in the IV and IP administration groups, three of
the aforementioned four mouse livers in each group were used
for western blotting. Total protein was extracted from 20 mg
frozen liver tissues, stored at -80°C, using RIPA lysis buffer,
supplemented with 1% protease inhibitors (both from Beijing
Solarbio Science and Technology Co., Ltd.). The samples
were then adequately homogenized at 960 x g for 30 sec at
room temperature using a MagNA Lyser instrument (Roche
Diagnostics). Tissue debris was removed by centrifugation at
2,400 x g at 4°C for 20 min. The protein concentration was
determined using a BCA protein assay kit (Thermo Fisher
Scientific, Inc.), then adjusted to 8 mg/ml. Loading buffer
(5X; Beijing Solarbio Science and Technology Co., Ltd.) was
then added to the sample (volume-volume, 1:4) and heated
at 100°C for 5 min. Subsequently, 5 ul/lane of the protein
extract was loaded and separated using SDS-PAGE (10%
separating gel; 5% spacer gel) and transferred onto PVDF
membranes following electrophoresis. The membranes were
then blocked with 5% skimmed milk/TBS-0.1% Tween-20 for
3.5 h at room temperature. This was followed by incubation
with EGFP (1:5,000; cat. no. ab184601) or GAPDH (1:5,000;
cat. no. abl81602) (both from Abcam) primary antibodies
overnight at 4°C. After washing with PB, the membranes
were incubated with goat anti-mouse IgG antibody (1:5,000;
cat. no. GAMOOI) or goat anti-rabbit IgG antibody (1:5,000;
cat. no. GAROO7) (both from MultiSciences) for 2 h at room
temperature. Finally, the blotted membranes were exposed to
ECL substrate (Advansta, Inc.), and the chemiluminescence
imaging system, ChemiScope 6100 Touch, was used to capture
the images. The measurement of the protein band density was
performed using Imagel software (version 1.8.0; National
Institutes of Health).

Immunofluorescence. The liver sections were fixed in 4%
PFA fix solution at 4°C for 24 h. They were then sequentially
dehydrated in 15 and 30% sucrose solution overnight at
4°C, until the samples sunk. The samples were embedded in
Optimal cutting temperature medium (OCT; Sakura Finetek
Japan Co., Ltd.) and stored at -80°C. The liver tissues were



cut into 10-pm-thick cryosections using a Leica cryostat
(Leica Microsystems GmbH). The sections were then
incubated with mouse monoclonal anti-EGFP antibody
(1:100; cat. no. ab184601; Abcam) overnight at 4°C. The
sections were subsequently incubated with Alexa Fluor® 488
goat anti-mouse IgG (1:1,000; cat. 4408S; Cell Signaling
Technology, Inc.) for 2 h at room temperature, followed by
staining with DAPI (Sigma-Aldrich; Merck KGaA) for 10 min
in the dark. The tissue sections were visualized using a Leica
immunofluorescent confocal microscope (Leica Microsystems
GmbH) at x200 magnification. The measurement of the fluo-
rescence intensity was performed using Leica LAS X software
(version 3.4.1; Leica Microsystems GmbH).

Biochemical analysis. To determine whether the treatment
induced hepatotoxicity, the serum samples were thawed at
4°C. The alanine aminotransferase (ALT), aspartate amino-
transferase (AST), total bile acid (TBA) and total bilirubin
(TBIL) activity in the serum samples was then measured
using enzymatic colorimetry with the Multiskan GO plate
reader (Thermo Fisher Scientific, Inc). The procedures for
the analysis were performed according to the instructions
provided by the kits (ALT, cat. no. HOO1; AST, cat. no. HO02;
TBA, cat. no. H101T; TBIL, cat. no. H115; all from Ningbo
Medical System Biotechnology Co., Ltd.).

Histopathological analysis. The formalin-fixed liver tissues
were dehydrated in a gradient ethanol series (70, 80, 90 and
100%) and washed with xylene. They were then embedded in
paraffin at 56°C and cut into 4-um-thick sections using the Leica
RM?2235 Manual Rotary Microtome (Leica Microsystems
GmbH) and stained with hematoxylin (cat. no. G1140) for
3 min and eosin (cat. no. G1100) (both from Beijing Solarbio
Science & Technology Co., Ltd.) for 2 min at room tempera-
ture. The observation of the stained liver tissue sections was
performed using an Olympus BX41 microscope (Olympus
Corporation) at x100 and x400 magnifications.

Reverse transcription-quantitative PCR (RT-gPCR). The
frozen liver tissues (20 mg) of five mice in each group randomly
selected for RT-qPCR analysis. The liver tissues were lysed
with TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.)
and homogenized at 960 x g for 30 sec at room temperature
using a MagNA Lyser instrument (Roche Diagnostics). Pure
chloroform was then added for 5 min to extract total RNA at
room temperature. This was followed by centrifugation at 3,
200 x g for 15 min at 4°C and precipitation with 75% ethanol.
The RNA concentration was quantified using the Multiskan
GO plate reader (Thermo Fisher Scientific, Inc) and its purity
was determined using the OD260/0D280 calculation. Total
RNA was reverse transcribed into cDNA using RT (20 ul;
cat.no. CW2569M; CoWin Biosciences Co.,Ltd.) as previously
described (20). The RT temperature protocol was as follows:
25°C for 5 min, 42°C for 1 h, inactivation at 70°C for 5 min and
chilling at 4°C for holding. The primer sequences are presented
in Table SI. qPCR was performed in 96-well plates using a
5-ul system containing 1 ul total cDNA, 2.2 ul UltraSYBR
Mixture (cat. no. CW0957H; CoWin Biosciences Co., Ltd.),
0.1 ul forward and reverse primer, and 1.6 ul RNase-free water
using the LightCycler 480 II system (Roche Diagnostics). The
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Figure 1. Schematic representation of the three rAAVS8 constructs. Schematic
structure of (A) rAAVS-CAG-EGFP, (B) rAAV8-TBG669-EGFP and
(C) rAAVS-TBG410-EGFP vector. rAAV, recombinant adeno-associated
virus; CMV, cytomegalovirus; CB, chicken [-actin promoter; a-mic/bik, an
enhancer element; ITR, inverted terminal repeats; EGFP, enhanced green
fluorescent protein; WPRE, woodchuck post-transcriptional regulatory
element; TBG, thyroxine-binding globulin promoter; CAG, cytomegalovirus
immediate-early enhancer/chicken f$-actin.

following thermocycling conditions were used: Initial denatur-
ation at 95°C for 10 sec, 55°C for 10 sec and 72°C for 15 sec.
The 2224 formula was used to quantify the expression levels
of target genes (21). The measured mRNA abundance was
normalized to /8S rRNA. The expression levels in the control
group were set to 1, and the data of the other six groups were
normalized and expressed as relative expression.

Statistical analysis. The data are presented as the mean + SEM.
Data analysis was performed using SPSS version 23 soft-
ware (IBM Corp.) and column charts were generated using
GraphPad Prism software (version 8.0; GraphPad Software,
Inc.). Statistically significant differences were determined
using one-way ANOVA followed by Tukey's post hoc test for
multiple comparisons. When data were not normally distrib-
uted, the Kruskal-Wallis test was used for the determination
of differences among groups and Bonferroni's post hoc test
was used for multiple comparisons. P<0.05 was considered to
indicate a statistically significant difference.

Results

Schematic presentation of the three rAAVS vectors. The sche-
matic presentation of the three different rAAVS vectors used
in the present study was presented in Fig. 1. rAAV8 vector
constructs encoding EGFP were transduced, driven by the
CAG, TBG669 and TBG410 promoters. An equal concentra-
tion of 1x10!" GC in 100 ul PBS was delivered to the ICR mice
via either IP or IV injection. At 4 weeks after the injection,
the mice were euthanized, and blood and liver tissues were
collected for analysis.

EGFP expression driven by the CAG promoter is the highest.
Western blot analysis was performed to determine the
protein expression level of EGFP among the three promoters,
under the same administration routes. As shown in Fig. 2,
the protein expression level of EGFP was the highest in
the rAAV8-CAG-EGFP group, by both administration
routes. With IV administration, significant differences were
observed between the control, TBG410, TBG669 and CAG


https://www.spandidos-publications.com/10.3892/mmr.2021.12532

4 KANG et al: PROMOTOR CAG IS SUPERIOR TO TBG IN rAAV8 FOR TRANSGENE EXPRESSION IN LIVER

A IV administration
EGFP -aesaw 27 Da
GAPDH — 37 kDa
B IP administration
EGFP e 27kDa
GAPDH s 37 kDa
Control TBG410 TBG669 CAG
C 151 3 Control .
S 1.o-] Il TBG410 .
£ E=1 TBG669
z 0.9 CAG é
o
<<
o
o
[T
G
w

Figure2.Comparison of the rA AV8 transduction efficiency with three different
promoters. The EGFP protein expression level in the liver was analyzed using
western blot in the control, TBG410, TBG669 and CAG promoter groups
administered via (A) IV and (B) IP. (C) Semi-quantification of the western
blots for the control, rAAV8-CAG-EGFP, rAAV8-TBG410-EGFP and
rAAV8-TBG669-EGFP groups. The control group used for IV and IP groups
was the same without any treatment. The livers of three mice in each group
were used for western blot analysis and each lane represented an individual
mouse. The data are presented as the mean £ SEM. n=3. "P<0.05 vs. control.
IV, intravenous; IP, intraperitoneal; CAG, cytomegalovirus immediate-early
enhancer/chicken p-actin; EGFP, enhanced green fluorescent protein; rAAV,
recombinant adeno-associated virus; TBG, thyroxine-binding globulin
promoter.

groups., EGFP protein expression level induced by the CAG
promoter was 67-fold higher compared with that in the
rAAV8-TBG410-EGFP group and 26-fold higher compared
with that in the TBG669 group. Gene transduction induced
by the TBG669 promoter was almost 3-fold higher than
that induced by the TBG410 promoter (Fig. 2A). Similarly,
with the IP administration, the EGFP expression level in the
rAAVS8-CAG-EGFP group was 75-fold higher compared with
that in the TBG410 group, and 41-fold higher compared with
that in the TBG669 group (Fig. 2B).

1V delivery is more efficient than IP delivery in the liver. The
comparison of the two administration routes also revealed
notable results. Driven by the CAG promoter, the abundance of
EGFP was significantly increased; the ratio of EGFP/GAPDH
in the control, IV and IP groups was 0.008, 0.791 and 0.513,
respectively. The protein expression level of EGFP with the
IV and IP injections was 99- and 64-fold higher compared
with that in the control group, respectively (Fig. 3A). In the
rAAV8-TBG669-EGFP group, the ratio of EGFP/GAPDH
in the control, IV and IP groups was 0.142, 1.027 and 0.446,
respectively. EGFP protein expression with the I'V injection
was 2-fold higher compared with that in the IP injection group
(Fig. 3B). Generally, EGFP protein expression via the IV
route was superior than that via the IP route, with all vectors.
However, driven by the CAG promoter and compared with
that in the other two promoters, the ratio of EGFP/GAPDH
in the control, IV and IP groups was 0.097, 0.922 and 0.853,
respectively. EGFP protein expression was similar between
both delivery routes (Fig. 3C).
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Figure 3. Comparison of the rAAVS transduction efficiency between IV
injection and IP injection. (A) The EGFP protein expression level in the liver
was analyzed using western blot analysis in the (A) rAAVS8-CAG-EGFP,
(B) rAAVS8-TBG669-EGFP and (C) rAAV8-TBG410-EGFP groups after IV
and IP injection. (D) Semi-quantification of the western blots for the control,
rAAVS8-CAG-EGFP, rAAVS-TBG410-EGFP and rAAV8-TBG669-EGFP
groups. The group without any treatment was used as the control group for
both IV and IP administrations. The livers of four mice in each group were
used for western blot analysis and each lane represented an individual mouse.
The data are presented as the mean + SEM. n=4. "P<0.05 vs. control. 1V,
intravenous; IP, intraperitoneal; CAG, cytomegalovirus immediate-early
enhancer/chicken [-actin; EGFP, enhanced green fluorescent protein; rAAV,
recombinant adeno-associated virus; TBG, thyroxine-binding globulin
promoter.

Immunofluorescence analysis of EGFP expression in the
liver. The EGFP expression patterns were assessed using a
fluorescence microscope to confirm the quantification of the
densitometric analysis. The representative fluorescent micro-
graphs of the CAG promoter with IV and IP administrations
are presented in Fig. 4. In the rAAV8-CAG-EGFP group, a
robust transduction was observed, and gene expression mainly
transduced in the nucleus around the central veins. In addition,
the EGFP intensity was close to 4-fold higher via the IV injec-
tion compared with that via IP injection (Fig. S1). With respect
to the TBG669 and TBG410 promoters, their transgene effi-
ciency was in accordance with that observed with western blot
analysis described above (data not shown).

All rAAVS vectors exhibit sufficient safety profiles. A total
of three different analyses were performed to evaluate the
safety of the three rAAVS8 vectors used in the present study.
Biochemically, the serum ALT, AST, TBA and TBIL levels
exhibited no significant changes among the three rAAVS
vectors (Fig. 5). In addition, no liver injury or inflammation
was observed in any of the groups (Fig. 6). The high magni-
fication images revealed no evidence of cellular damage and
an inflammatory response (Fig. S2), supporting the aforemen-
tioned and biochemical data. Compared with that in the control
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Figure 4. Immunofluorescence staining in the liver after gene transduction with rA AV8 expressing EGFP driven by the three different promoters. Representative
immunofluorescence staining of the liver tissues images at magnification x200 in the (A-C) Control, (D-F) rAAV8-CAG-EGFP and (G-I) rAAV8-CAG-EGFP
groups after IV and IP injection, respectively. The liver tissues sections were stained with antibodies against EGFP (green). The nucleus was counterstained
with DAPI (blue). The overlay of both stains is shown in the last row. EGFP, enhanced green fluorescent protein; DAPI, 4,6-diamidino-2-phenylindole. IV,
intravenous; IP, intraperitoneal; CAG, cytomegalovirus immediate-early enhancer/chicken B-actin promoter; rA AV, recombinant adeno-associated virus.

group, the mRNA expression levels of chemokine ligand 2,
Tnf-a, suppressor of cytokine signaling 3 and fibrinogen a
chain in the other six groups exhibited no significant differ-
ences (Fig. 7). These results suggested that the three rAAVS
vectors did not cause inflammatory responses.

Discussion

rA AV is the most promising gene therapy vehicle, as the vector
itself does not affect gene expression. When a functional protein
is inserted into the rAAV vector, it can increase or decrease
gene expression and affect the organism or the disease model.
How much it will affect the organism or the disease model
depends on the action of the functional protein itself. The
promoter used is crucial for the gene transduction efficiency
of the rAAV vectors (10). The CAG promoter is a composite
promoter, connecting the CMV-IE enhancer sequence to the
chicken B-actin promoter (22). It has been used for >30 years
and a number of gene therapies have made use of this promoter
to achieve a high vector expression (22,23). In previous studies
using AAV-mediated RPE65 transfer to retinal pigment
epithelium as gene therapy for Leber congenital amaurosis,
AAV vectors with the CAG promoter achieved stable RPE
expression, and restoration of rod and cone photoreceptor
function for several years (24,25).

The TBG promoter is a liver-specific promoter, which
confers transgene persistently and specific expression to the
liver for up to several months following integration (26).
The TBG promoter limits transgene expression to hepatic

tissue with a low distribution in other tissues. Therefore,
this promoter minimizes undesired toxicity or host immune
responses derived from the overexpression of the transgene
outside the liver (15). Quantitively, the efficiency of the TBG
promoter has been reported to be slightly lower than that of
the ubiquitous CMV promoter in driving foreign gene expres-
sion (16). However, in the present study, with IV administration,
a significant induction of EGFP protein expression occurred
in the rAAV8-CAG-EGFP group. EGFP expression, driven
by the CAG promoter, was much higher than those driven
by the TBG410 and the TBG669 promoter (67- and 26-fold
respectively, Fig. 2A). Similarly, with IP administration, EGFP
expression was as high as those of IV administration (Fig. 2B).
With respect to the TBG410 and TBG669 promoters, EGFP
expression was close to 3-fold higher by the TBG669 promoter
than by the TBG410 promoter in the IV group, and 1.8-fold in
the IP group (Fig. 3). This occurred as an a-mic enhancer was
added to the TBG669 promoter.

A number of factors affect rAAV vector transduction effi-
ciency, such as AAV serotype tropism (1), transgene expression
cassette design (9,27,28), the pattern of administration (18) and
the time of injection (29,30). In IP administration, rAAVrh.10
showed robust transduction in skeletal muscle, rAAVE showed
efficient transduction in the pancreas, and rAAV9 and rAAV7
showed the strongest transduction in the liver (1). The trans-
gene expression cassette contains an enhancer, promoter, and
various pre- and/or post-regulatory elements. All of them
function to achieve a higher expression of the rAAV (27).
Enhancers were recognized as cis-regulatory DNA elements,
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Figure 5. Hepatic injury biomarkers in mice treated with rAAV8 vectors did not increase. (A) AST, (B) ALT, (C) TBA and (D) TBIL levels in seven groups,
four weeks after rAAV8 administration. n=5. ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBA, total bile acid; TBIL, total bilirubin;

rA AV, recombinant adeno-associated virus; IV, intravenous; IP, intraperitoneal.

Figure 6. rAAV8 vector shows safety in histopathology. Representative H&E
staining images at (A) x100 and (B) x400 magnification in the control group.
Representative H&E staining of liver tissues at x100 magnification by (C) IV
and (D) IP routes in the rAAV8-CAG-EGFP group. Representative H&E
staining of liver tissues at x100 magnification by (E) IV and (F) IP routes in the
rAAV8-TBG669-EGFP group. Representative H&E staining of liver tissues at
x100 magnification by (G) IV and (H) IP routes in the rAAV8-TBG410-EGFP
group. H&E, hematoxylin and eosin; rAAV, recombinant adeno-associated
virus; IV, intravenous; IP, intraperitoneal; CAG, cytomegalovirus imme-
diate-early enhancer/chicken f-actin; EGFP, enhanced green fluorescent
protein; TBG, thyroxine-binding globulin promoter.

which can increase the expression of target genes in coopera-
tion with promoters (9). Within an enhancer sequence, there
are multiple transcription factor binding sites that are required
for the regulation of enhancer activity (28). According to the
administration routes, the transduction efficiency in cirrhotic
livers is lower compared with that in healthy livers, when the
vector is administered via IP injection (18). The injection/infu-
sion rate appears to be inversely proportionate to the gene
transduction efficiency. A longer infusion time has been found
to produce a higher transduction efficiency than the peak
administration concentration. It was considered to be associ-
ated with the time of exposure to the rAAV vector (29).

The pattern of virus injection is also one of the factors
affecting efficiency. In the present study, transgene expression
with I'V injection was more efficient than that with IP injection
in the liver. However, the efficiency of TBG410 was similar
between both delivery routes. When one wants to choose the
administration of a virus, IP injection can also be considered,
especially when IV injection was considered difficult for
numerous investigators.

In a previous study investigating AAV9-CMV-GFP and
AAV9-CBA-GFP vectors, it was found that the gene transfec-
tion efficiency increased in a time-dependent manner (30).
The transduction efficiency of AAV9-CBA-GFP in the liver
reached 60% in the second week and maintained a high level
of expression of >80% after the fourth week. The expression
level of GFP reached peak levels at 5 weeks following virus
injection. Certainly, it is interesting to investigate the dynamic
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Figure 7. mRNA expression levels of genes involved in inflammatory response. (A) Cxcl2, (B) Socs3, (C) Fga and (D) Tnf-a mRNA expression in the seven
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necrosis factor-a; Socs3, suppressor of cytokine signaling 3; Fga, fibrinogen o chain.

changes of expression efficiency of rAAV after administration,
and to compare them between IV injection and IP injection.
In the present study, the gene transduction efficiency was
compared between three different promoters in two types of
administration routes. The mice are usually sacrificed at 3-4
weeks following the injection to detect gene expression (31-33).
Therefore, in the present study, the mice were sacrificed at
4 weeks. The choice of sacrificing the mice at 4 or 5 weeks
may not have had a notable impact on the results.

According to the results obtained, compared with that in
the CAG promoter, the hepatocyte-targeting TBG promoters
led to a lower protein expression level of EGFP. However, the
TBG promoter is still widely used as a hepatocyte-targeting
promoter (26,34,35). When compared with that in the control,
the TBG promoter could still be effectively transduced in the
liver. The efficiency of the TBG669 promoter with the IV
injection was 2-fold higher compared with that for IP injection
(Fig. 3B). The efficiency of the TBG410 promoter was similar
between both delivery routes (Fig. 3C). Therefore, if gene
expression in extrahepatic tissue affects the disease model,
the TBG promoter remains an adequate choice. However, the
molecular mechanism is still unclear as to why the transfec-
tion efficiency of the CAG promoter was higher than that of
hepatocyte-targeting TBG promoter in the liver.

rAAV vectors as gene therapy vectors are widely
used in clinical practice and have exhibited efficacy in a
growing number of clinical trials, with the majority of data

suggesting that they are non-pathogenic (3,36). However,
some experimental studies have reported evidence of the
potential genotoxicity of rAAV vectors (31,36). rAAV may
result in cancer development, with hepatocellular carcinoma
(HCC) being the most likely malignancy (37,38). The AAV
vector dose, enhancer/promoter selection and the timing of
gene delivery were all critical factors for determining HCC
incidence after AAV gene delivery (36). Compared with that
in the healthy adult liver, rAAV gene therapy induces HCC at
a high frequency in mice with chronic liver disease (35). In
addition, the transduction of hepatic tissue by AAV vectors
has been reported to be inefficient in mice with chronic liver
disease (39). Extremely high doses (2x10"* GC/kg) of AAV
have been shown to result in acute toxicity in non-human
primates (40). However, this high dose of AAVO has been used
in patients with spinal muscular atrophy type 1 in a clinical
trial, without any severe treatment-related adverse events (41).
There may be a threshold for the toxicity of rAAV; however,
the doses currently used in the majority of clinical trials
are much lower than this threshold (42). Furthermore, the
enhancer-promoter may be involved in tumorigenesis in the
liver (43). When compared to other promoters, AAV vectors
with a TBG promoter significantly increase risk of tumorigen-
esis (36,44).

In conclusion, the present study demonstrated that the ubiq-
uitous CAG promoter induced a higher EGFP expression level
than hepatocyte-targeting TBG promoters via both IV and IP
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administration. Although less effective than IV administra-
tion, the IP injection exhibited a satisfactory efficiency with
a high success rate of procedure for the three promoters. In
particular, for the TBG410 promoter, the administration route
exerted a minimal effect on the transduction efficiency. These
data provided a good reference for the selection of a suitable
rA AVS8 promoter for the gene therapy of liver diseases, as well
as a suitable administration route. However, the molecular
mechanism of differential efficiency between promoter CAG
and TBG, as well as the dynamic comparison remain to be
investigated.
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