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A B S T R A C T

In this study, we have developed a novel method to monitor transgene expression in tissues by blood
sampling. We administered plasmid DNA (pDNA) encoding non-secretory form of firefly luciferase as
a reporter gene and pDNA encoding secretable Gaussia princeps luciferase as a monitor gene
simultaneously into mice. Good positive correlations were found between log-transgene expression
of the reporter gene and the monitor gene in the treated muscle, between the monitor gene in the treated
muscle and plasma, and consequently between the reporter gene in the treated muscle and the monitor
gene in plasma after naked pDNA transfer into the muscle of mice. Such positive correlations were also
found with gastric serosal surface instillation of naked pDNA, intravenous injection of lipoplex, and
hydrodynamics-based injection of naked pDNA. We developed monitoring method of transgene
expression in tissues by blood sampling, which was named ‘Therapeutic transgene monitoring (TTM)’,
after ‘Therapeutic drug monitoring (TDM)’.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In vivo transgene expression in gene therapy should be
regulated so as it stays in a therapeutic range to avoid low
responses or severe toxic effects; however, the efficiency of
transgene expression in individuals often varies whether using
viral or non-viral vectors [1–3]. To regulate transgene expression,
use of a drug-inducible promoter, such as tetracycline-responsive
promoter is beneficial [4]. Regulation of transgene expression
requires the monitoring of transgene expression to assess whether
it is in therapeutic range; however, monitoring transgene
expression in tissues is difficult, often requiring biopsy, except
for secretory proteins. Here, we have developed a method for
monitoring transgene expression in tissues using plasmid DNA
(pDNA) encoding a monitoring gene, named ‘therapeutic trans-
gene monitoring (TTM)’. When TTM is achieved, it is possible to
make a dosing plan similar to therapeutic drug monitoring (TDM).

In this study, we simultaneously administered two pDNA
encoding a non-secretable form of a reporter gene assuming a
therapeutic gene and a secretable form of a monitor gene in mice. If
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transgene products of the monitor gene secreted in plasma are
positively correlated with the reporter gene expression in a target
tissue, we can monitor transgene expression in the tissue by blood
sampling. We used firefly luciferase (Fluc) as a reporter gene due to
high sensitivity of the assay. As monitor genes, there were several
candidates, including secreted embryonic alkaline phosphatase
(SEAP) [5] and Gaussia princeps luciferase (Gluc) [6]. Especially, a
humanized form of Gluc has 100- to 1000-fold higher biolumines-
cent signal intensity than humanized forms of firefly and Renilla
luciferases [6]. Using a secretable form of Gluc, quantification of
tumor growth [6,7], monitoring of cell viability and proliferation
[8], monitoring of microbial infections [9], and in vivo tracking of
extracellular vesicles in mice [10]. Thus, we selected the secretable
form of Gluc as a monitor gene.

2. Materials and methods

2.1. Materials

Glucose and cholesterol were purchased from Nacalai Tesque
(Kyoto, Japan). DOTAP methyl sulfate salt was purchased from
Avanti Polar Lipids (Alabaster, AL, USA). TO-PRO-3 was purchased
from Molecular Probes (Invitrogen, Carlsbad, CA, USA). All
chemicals were of the highest purity available.
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2.2. pDNA

pcDNA3/FL (originally referred to as pCMV-Luc), pDNA encod-
ing the non-secretory form of Fluc under the control of CMV
promoter, was constructed as reported previously [11]. pcDNA3/GL
vector, pDNA encoding the secretable form of Gluc under the
control of CMV promoter, was purchased from Lux Biotechnology
Ltd. (Edinburgh, UK). pDNA was amplified in the Escherichia coli
strain DH5α, isolated, and purified using an EndoFree Plasmid Giga
Kit (QIAGEN GmbH, Hilden, Germany). pDNA dissolved in 5 %
glucose solution or phosphate-buffered saline (PBS) were stored at
�20 �C prior to experiments. Fluorescein or tetramethyl-rhoda-
mine labeling of pDNA were performed using the Label IT Nucleic
Acid Labeling Kit (Mirus Co., Madison, WI, USA).

2.3. Preparation of cationic liposome/pDNA complex (lipoplex)

DOTAP and cholesterol were dissolved in chloroform at a molar
ratio of 1:1, vacuum-desiccated, and resuspended in sterile 5 %
dextrose at a concentration of 4 mg total lipids per ml to form
liposomes. Liposomes were extruded 10-times through a polycar-
bonate membrane filter (100 nm pore size) using a commercially
available instrument (Mini-Extruder, Avanti Polar Lipids). For
lipoplex preparation, pDNA in 5 % dextrose was mixed with an
equal volume of cationic liposomes and was incubated for 30 min.
Charge ratio, which is the molar ratio of cationic lipids to pDNA
phosphate residue, was 3. The charge ratio of unity was 3.52 mg
total lipid/mg pDNA for this formulation.

2.4. Animals

Five-week-old male ddY (22.0–36.6 g), ICR (26.5–28.1 g),
C57BL6 (15.1–17.2 g), and 10-week-old male ddY mice (41.3–
46.5 g) were housed in cages in an air-conditioned room and
maintained on a standard laboratory diet (MF; Oriental Yeast Co.,
Ltd., Tokyo, Japan) and water ad libitum. All animal experiments
were carried out in accordance with the Guidelines for Animal
Experimentation of Nagasaki University.

2.5. In Vivo gene transfer

For intramuscular injection of naked pDNA, a solution of 25 mg
of pcDNA3/FL and pcDNA3/GL in 50 mL PBS was injected into the
left quadriceps femoris muscle in different strains of mice under
anesthesia (sodium pentobarbital, 40�60 mg/kg, intraperitoneal
injection). One day after naked pDNA injection, blood was collected
under anesthesia. Then, the mice were sacrificed under anesthesia,
and the treated muscle was removed. For gastric serosal surface
instillation of naked pDNA, five-week-old male ddY mice were
anesthetized. Laparotomy was performed and the stomach was
exposed. Naked pDNA (solution of 0.5 mg pcDNA3/FL and pcDNA3/
GL in 10 mL PBS) was instilled onto the gastric serosal surface using
a micropipette (PIPETMAN; Gilson Inc., Villiers-le-Bel, France). Six
hours after naked pDNA instillation, blood was collected under
anesthesia. Then, the mice were sacrificed under anesthesia, and
the stomach was removed. For intravenous administration of
lipoplex, a solution of lipoplexes containing 15 mg pcDNA3/Fluc
and pcDNA3/Gluc in 200 mL or 22.5 mg pcDNA3/Fluc and pcDNA3/
Gluc in 300 mL was injected via tail vein in 5-week-old male ddY
mice. Six hours after administration, blood was collected under
anesthesia. Then, the mice were sacrificed under anesthesia, and
the lungs was removed. For hydrodynamics-based intravenous
injection of naked pDNA, a solution of 1 mg pcDNA3/FL and 0.1 mg
pcDNA3/GL in 2 mL saline was injected via tail vein within 5 s in 5-
week-old male ddY mice. At appropriate time intervals, blood was
collected under anesthesia. Then, the mice were sacrificed under
anesthesia, and the liver was removed. Blood and tissue samples
were subjected to luciferase assay.

2.6. Luciferase assay

Blood samples were collected and centrifuged at 15,000 � g for
5 min to obtain plasma. Tissue samples were washed twice with
saline and homogenized with lysis buffer containing 0.1 M Tris/HCl
buffer (pH 7.8), 0.05 % Triton X-100, and 2 mM EDTA. The volume of
lysis buffer was 4 mL/mg tissue. Homogenates were centrifuged at
15,000 � g for 5 min. Ten microliters of the plasma or supernatant
of tissue homogenates were mixed with 100 mL Fluc assay
substrates (PicaGene; Toyo Ink Mfg Co. Ltd., Tokyo, Japan) or
renilla luciferase assay substrates containing Gluc substrate
coelenterazine (Promega, Madison, WI, USA), and the light
produced was immediately measured using a luminometer (Lumat
LB 9507; Berthold Technologies, Bad Wildbad, Germany). Lucifer-
ase activity is indicated as the relative light units (RLU) per tissue
or whole plasma. Total volume of plasma in mice was estimated
using the proportion of blood volume to body weight of individual
mice (8 %) and hematocrit value of mice (40 %).

2.7. In vitro stability of gluc proteins

Gluc proteins were obtained from plasma of mice that received
hydrodynamics-based intravenous injection of naked pDNA (10 mg
pcDNA3/GL in 2 mL saline). Gluc proteins (1.26 � 106 RLU) were
incubated in 200 mL plasma of male ddY mice at 37 �C for indicated
time periods. Gluc activities in samples were determined as
mentioned above.

2.8. In vivo disposition of gluc proteins

Gluc proteins were obtained from plasma of mice that received
hydrodynamics-based intravenous injection of naked pDNA (10 mg
pcDNA3/GL in 2 mL saline). Gluc proteins (2.62 � 109 RLU in
100 mL) were administered to 5-week-old male ddY mice via tail
vein. Gluc activities in plasma, tissues, and urine were determined
as mentioned above.

2.9. Intracellular Localization of pcDNA3/FL and pcDNA3/GL

Six hours after instillation of 1 mg of both fluorescein-pDNA and
rhodamine-pDNA in 10 mL PBS onto the gastric serosal surface of 5-
week-old male ddY mice, imprints of mesothelial cells were
prepared as reported previously [12,13]. Briefly, the stomach was
washed 5 times with saline and dried for 4�5 min at room
temperature. Imprints of gastric mesothelial cells were obtained
on MAS-coated microslide glasses (SUPERFROST S-9441; Matsu-
nami Glass Ind. Ltd., Osaka, Japan). Imprints were fixed with 4 %
paraformaldehyde in PBS for 10 min and permeabilized for 5 min
with PBS containing 0.2 % Triton X-100. Nuclei were stained with
TO-PRO-3 (dilution 1:2000 in PBS) by incubating in a humidified
chamber for 1 h. SlowFade Gold antifade reagent (Invitrogen) was
applied to imprints before mounting. Subsequently, imprints were
subjected to confocal laser scanning microscopy (LSM 510 META;
Carl Zeiss Microimaging Inc., Thornwood, NY, USA).

2.10. Laser scanning microscopy for imprints

Imprints were analyzed by confocal laser scanning microscopy
using LSM 510 META (Plan-Apochromat 63�, NA 1.4 oil immersion
objective lens; Carl Zeiss Microimaging Inc., Thornwood, NY, USA).
Laser lines used were at 488 nm, 543 nm, and 633 nm to excite
fluorescein, rhodamine, and TO-PRO-3, respectively. Each dye was
scanned in sequential mode to prevent fluorescence crosstalk.
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Acquisition software used was ZEN 2007 (Carl Zeiss Microimaging
Inc.).

2.11. Statistical analysis

Statistical analysis was performed by Pearson's correlation.
Differences among regression lines were analyzed by analysis of
covariance. Tukey multiple comparison tests were performed in
some experiments.

3. Results and discussion

We administered Gluc encoding pcDNA3/GL with pcDNA3/FL
(originally referred to as pCMV-Luc), pDNA encoding the non-
secretory form of firefly luciferase (Fluc) (same backbone as
pcDNA3/GL), into ddY mice via three administration routes. When
naked pDNA were administered into muscle, the range of
transgene expression was extremely broad 1 day after administra-
tion (2 orders of magnitude); therefore, when we assessed the
correlation between Fluc and Gluc expression, we took the
logarithm of gene expression to uniformly analyze low and high
values of gene expression. Log-Fluc expression in the treated
muscle was well and positively correlated with log-Gluc expres-
sion in the same muscle (Fig.1a, r2 = 0.970 (P < 0.001)). The slope of
regression line was 0.894, while the intercept of regression line
was 0.176. Also, log-Gluc expression in the treated muscle was
positively correlated with the log-Gluc expression secreted into
plasma (Fig. 1b, r2 = 0.889 (P < 0.001), slope = 1.209, inter-
cept = 1.388); as a consequence, log-Fluc expression in the treated
Fig. 1. Correlation of transgene expression levels between reporter gene, as a therapeu
Symbols and lines express luciferase expression levels in individual mice and regressi
princeps luciferase (Gluc) activities in whole treated muscle. (b) Correlation between Glu
activity in whole treated muscle and Gluc activity in whole plasma. (d) Correlation bet
(e) Correlation between concentrations of Gluc activities in the treated muscle (/g muscle
the treated muscle (/g muscle) and Gluc activity in plasma (/mL plasma).
muscle was positively correlated with the log-Gluc expression
secreted into plasma (Fig. 1c, r2 = 0.899 (P < 0.001), slope = 1.104,
intercept = 1.284). When we analyzed the correlation of transgene
expression, log-Fluc concentration in the treated muscle positively
correlated with log-Gluc concentration in the same muscle (Fig.1d,
r2 = 0.972 (P < 0.001) slope = 0.891, intercept = 0.305). However,
correlation between log-Gluc concentration in the treated muscle
and the log-Gluc concentration in plasma (Fig. 1e, r2 = 0.855
(P < 0.001), slope = 1.188, intercept = 2.813) was slightly worse
than that between log-Gluc in whole treated-muscle and plasma
(r2 = 0.889); as a consequence, correlation between log-Fluc
concentration in the treated muscle and the log-Gluc concentra-
tion in plasma (Fig. 1f, r2 = 0.871 (P < 0.001), slope = 1.084,
intercept = 2.670) was also worse than that between log-Fluc in
whole treated muscle and log-Gluc in whole plasma. This could be
attributed to the inter-individual differences in the ratio between
the tissue weight and the plasma volume. These results implied
that the expression of the therapeutic gene (Fluc as a reporter
gene) in the target tissue could be monitored by the expression of
the monitor gene (Gluc) secreted into plasma. Since whole amount
of transgene expression produced slightly better correlation than
the concentration, we employed RLU/whole tissue and RLU in
whole plasma in the following experiments.

To validate the effectiveness of TTM, it is important to test the
correlation between Fluc expression in different target tissue and
Gluc expression secreted into plasma. We previously developed a
novel gene delivery method targeted to the stomach, in which
naked pDNA is simply instilled onto the gastric serosal surface of
mice and rats [12,14–16]. We assessed the correlation between Fluc
tic gene, and monitor gene after intramuscular injection of naked pDNA in mice.
on lines, respectively. (a) Correlation between firefly luciferase (Fluc) and Gaussia
c activities in whole treated muscle and whole plasma. (c) Correlation between Fluc
ween concentrations of Fluc and Gluc activities in the treated muscle (/g muscle).
) and plasma (/mL plasma). (f) Correlation between concentrations of Fluc activity in
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expression in the stomach and Gluc expression secreted into
plasma 6 h after gastric serosal instillation of both pcDNA3/FL and
pcDNA3/GL into ddY mice. Log-Fluc expression in the stomach was
positively correlated with log-Gluc expression secreted into
plasma (Fig. 2a, r2 = 0.875 (P < 0.001), slope = 1.094, intercept =
-0.524). As other methods, cationic liposomes can deliver pDNA via
the systemic circulation. Transgene expression mainly occurred in
the lung after intravenous injection of cationic liposomes/pDNA
complex (lipoplex). Six hours after intravenous administration of
lipoplex, log-Fluc expression in the lung was positively correlated
with log-Gluc expression secreted into plasma (Fig. 2b, r2 = 0.948
(P < 0.001), slope = 1.069, intercept = -0.658). Thus, TTM would be
valuable for gene carriers as well as naked pDNA.

Since ddY mice are an inbred strain, genetic variability is low
among individuals. This might contribute to the good correlation
Fig. 2. Correlation of transgene expression levels between reporter gene, as a
therapeutic gene, and monitor gene after gastric serosal surface instillation of naked
pDNA (a) and intravenous injection of Lipoplex (b) in mice. Symbols and lines
express luciferase expression in individual mice and regression lines, respectively.
(a) Correlation between Fluc activity in the stomach and Gluc activity in plasma
6 h after instillation of naked pDNA onto the gastric serosal surface in mice.
(b) Correlation between Fluc activity in the lung and Gluc activity in plasma 6 h after
intravenous administration of lipoplex (a solution of 15 mg pcDNA3/Fluc and
pcDNA3/Gluc in 200 mL (open circles), and 22.5 mg pcDNA3/Fluc and pcDNA3/Gluc
in 300 mL (closed circles)) in mice.
between Fluc expression in target tissues and Gluc expression
secreted into plasma as genetic variability may affect the ratio
between transgene products in tissues and plasma. Also, a narrow
body weight range might contribute to a good correlation, because
blood volume may affect the concentration of Gluc secreted into
plasma. We simultaneously assessed the effects of the strains and
body weight of individual mice on the correlation between Fluc
expression in the treated muscle and Gluc expression secreted into
plasma after intramuscular injection into mice. Again, log-Fluc
expression in the treated muscle was positively correlated with
log-Gluc expression secreted into plasma (Fig. 3, r2 = 0.823
(P < 0.001), slope = 0.920, intercept = 2.474). For future application
to human gene therapy, this monitoring method may be effective
in various patients with different genetic backgrounds (such as
races) and individual differences (such as body weight). Although
the correlation between the monitoring gene and the therapeutic
gene needs to be tested in humans, this monitoring system is
expected to be useful in human gene therapy in future.

As transgene expression after the administration of non-viral
vectors is transient, it is important to test the effectiveness of TTM
at various time points. Hydrodynamics-based intravenous injec-
tion (high volume injection at a high velocity) of naked pDNA is a
potent gene transfer method into the liver [17]. Fig. 4a shows the
duration of the expression levels of Fluc in the liver and Gluc in
plasma after hydrodynamics injection. Fluc expression in the liver
was transient, while duration of Gluc in plasma was relatively
longer. Log-Fluc/log-Gluc ratio for 6 and 24 h were almost same,
after that the ratio was decreased at 48 h (Fig. 4b). Fig. 4c shows the
correlation between log-Fluc expression in the liver and log-Gluc
expression secreted into plasma 6, 24 and 48 h after hydrodynam-
ics-based intravenous injection in ddY mice (r2 = 0.964, 0.979, and
0.958 (P < 0.001); slope = 1.070, 0.984, and 0.915; intercept = 1.592,
1.950, and 1.091, at 6, 24 and 48 h, respectively). In this experiment,
the dose of pcDNA3/GL was decreased to a tenth of that of pcDNA3/
FL; therefore, the amount of the monitor gene could be reduced
when transfection activity was sufficiently high. As for the timing
of monitoring, regression lines at 6, 24, and 48 h were significantly
different (P < 0.001, analysis of covariance), while slopes of these
regression lines were similar (not significant). The ratio of Gluc in
plasma to Fluc in the liver increased with time, which might
Fig. 3. Effect of strain of mice on correlation of transgene expression levels between
reporter gene, as a therapeutic gene, and monitor gene after intramuscular injection
of naked pDNA in mice. Symbols and lines express luciferase expression in
individual mice and regression lines, respectively. Symbols: Five-week-old male
ddY (circles), ICR (triangles), C57BL6 (diamonds) and 10-week-old male ddY mice
(squares).



Fig. 4. (a) Duration of the expression level of Fluc in the liver (circle) and Gluc in plasma (inverted triangle) 6, 24, and 48 h after hydrodynamics-based intravenous injection of
naked pDNA in mice. Each point represents the mean � S.E. at least 10 experiments. Tukey multiple comparison tests were performed (**, P < 0.01; ***, P < 0.001 vs. 6 h group
of Fluc; #, P < 0.05 vs. 6 h group of Gluc). (b) Duration of log-Fluc/log-Gluc ratios. Each point represents the mean � S.E. at least 10 experiments. Tukey multiple comparison
test was performed (***, P < 0.001 vs. 6 and 48 h groups). (c) Correlation between Fluc activity in the liver and Gluc activity in plasma 6 (Circles), 24 (Squares) and 48 h
(Triangles) after hydrodynamics-based intravenous injection of naked pDNA in mice. Symbols and lines express luciferase expression levels in individual mice and regression
lines, respectively.

Fig. 5. In vitro stability of Gluc proteins (a) and in vivo disposition of Gluc proteins
after intravenous injection in mice (b). Each value represents the mean � S.D. of
3 experiments.

E. Kinoshita et al. / Biotechnology Reports 24 (2019) e00401 5
indicate the possible accumulation of Gluc proteins in plasma after
hydrodynamics-based injection of naked pDNA into mice.

Ratios of Fluc in a target tissue and Gluc in plasma were
different depending on the target tissue and monitoring time
point. This may be due to differences in the structure of tissues and
stability of Gluc protein. Muscle fibers are outside from the blood
vessels; thus, secretion of Gluc to blood circulation may be
restricted. On the contrary, in case of intravenous injection of
lipoplex, transgene expression occurred mainly in lung capillary
blood vessels, which face to the blood stream. In case of
hydrodynamics-based injection, target cells are hepatocytes.
Hepatocytes are outside of sinusoidal endothelium, but secreted
Gluc can easily pass through fenestrae on endothelium. Also,
secretion polarity may affect the ratios of Fluc in a target tissue and
Gluc in plasma. Hepatocytes may secret Gluc not only to the blood
stream, but also to bile. In case of the gastric serosal surface
instillation, it is relatively complicated due to secretion to the
blood stream and peritoneal cavity. Contrary to the case of
hepatocytes, Gluc secreted to peritoneal cavity also can enter the
systemic circulation.

To test the stability of Gluc proteins in vitro, they were
incubated in plasma, collected from ddY mice, at 37 �C for 60 min
(Fig. 5a). Gluc activity slightly increased with time, probably due to
solvent evaporation; therefore, Gluc proteins were stable in
plasma. When Gluc proteins were administered via tail vein, Gluc
activity decreased in plasma for 30 min, and was maintained
thereafter (Fig. 5b). Gluc activity was mainly distributed to the
kidney in the early phase. Gluc activity in each tissue also rapidly
decreased with time. Urinary excretion of Gluc was detectable, but
very low. These results might indicate that Gluc proteins were
stable and could remain in plasma for a long time. Fluc is unstable
at body temperature [18]; thus, Fluc activity in tissues reflected
gene expression at the time, while Gluc activity in plasma might
depend on the cumulative amount. The stability of Gluc proteins
may be too good to monitor gene expression with time. Since
transgene expression by non-viral vectors is generally transient,
multiple administrations may be required. However, with multiple
administrations, different time profiles of transgene expressions in
therapeutic and monitor gene is a problem; i.e., it may be difficult
to distinguish transgene expression levels of first and subsequent
administrations due to high stability of Gluc. To destabilize Gluc, it
may be useful to apply protein-destabilizing elements [19] to Gluc.
Such genetic modification to destabilize Gluc activity will be
required for future clinical use of TTM using Gluc.
To elucidate the mechanism of the good correlation between
Fluc and Gluc expression levels, we observed intracellular
localization of both pcDNA3/FL and pcDNA3/GL. After instillation
of both fluorescein-pDNA (Fl-pDNA) and rhodamine-pDNA
(Rh-pDNA) onto the gastric serosal surface in mice, Fl-pDNA and
Rh-pDNA were substantially co-localized outside and inside of
nuclei (Fig. 6). Also, we have previously reported similar co-
localization of two pDNAs in the liver after hydrodynamics-based
injection in mice [20]. These co-localization data can explain the
good correlation between Fluc and Gluc expression levels, since it
is expected that similar distribution of the two pDNAs in the cells
can result in similar gene expression levels. Interestingly, several
molecules of pDNA entered the nucleus simultaneously. pDNA
was taken up by gastric mesothelial cells via macropinocytosis



Fig. 6. Co-localization of pcDNA3/FL and pcDNA3/GL in gastric mesothelial cells after instillation of fluorescently labeled pDNA onto the gastric serosal surface of mice. White
and yellow arrows express the co-localization of both pDNA inside and outside of the nucleus, respectively. Yellow circle indicates simultaneous nuclear import of both pDNA.
Dashed areas are enlarged in the top right corner of each panel (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).
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(unpublished results). Thus, several molecules of pDNA would
enter the same macropinosome, and be transferred into the
nucleus together. It was reported that the nuclear import of pDNA
required both cytoplasmic factors and specific DNA sequences [21].
These cytoplasmic factors are probably transcription factors, which
have a nuclear localization signal. This mechanism of the nuclear
import of pDNA may not require simultaneous nuclear import and
the same nuclear localization of several molecules of pDNA. One
possible reason for the simultaneous nuclear import and same
nuclear localization was that pDNA might be complexed with
cationic proteins, such as a histone, in cytoplasm and subsequently
be delivered into the nucleus by transcription factors that bound to
pDNA.

In this study, we did not test the antigenicity of Gluc; thus, the
neutralization ofGlucbyanti-Gluc antibodiesmay disturbTTM using
Gluc with repeated administration. Using the secretory form of other
reporter genes, such as firefly and Renilla luciferase, this problem is
partially resolved theoretically. Furthermore, cytotoxic T lympho-
cytes may kill transgene-expressing cells. Utilization of the Tet-on
promoter [4] will enable on-demand transgene expression of the
monitor gene at the time of monitoring. Administration of
immunosuppressive drugs during TTM in combination with the
Tet-on system is a useful strategy for repeat monitoring.

Since gene expression is transient after non-viral gene delivery,
repeated monitoring may be required; however, it is painful. In
humans, it is difficult to examine the correlation between
transgene expression of therapeutic gene and monitor gene by
frequent biopsies. However, gene expression can be estimated by
therapeutic effect as a parameter. For example, if the therapeutic
gene is LDL receptor, the therapeutic effect can be evaluated by
determining serum LDL cholesterol levels. Also, application of the
concept of pharmacokinetic/pharmacodynamic modeling in drug
treatment to TTM would be useful to decrease the frequency of
biopsies. To decrease the frequency of blood sampling, the concept
of population pharmacokinetics [22] is applicable. Regarding the
backbones of pDNA, pcDNA3/FL and pcDNA3/GL are identical. This
might contribute to the good correlation between Fluc and
Gluc expression levels; therefore, it is currently unclear whether
there is always a correlation among pDNA with different back-
bones, such as different promoters. Encoding both the therapeutic
gene and monitor gene on the same pDNA molecule, the problem
of backbone difference is theoretically negligible; however, co-
administration of the therapeutic gene and monitor gene on
separate pDNA molecules has several merits. Because the copy
number of large pDNA in E. coli is generally low, usage of a separate
monitor pDNA with therapeutic pDNA can prevent low yield due to
the unnecessary elongation of pDNA base pairs; consequently,
industrial manufacturing of the pDNA encoding monitor gene is
relatively easy. It was also reported that the increasing size of
pDNA reduced the transfection efficiency of lipoplex in vitro [23];
therefore, the problem of backbone difference should be tested
in the future study. At present, TTM is useful for monitoring
transfection efficiency. The ultimate goal of gene delivery systems
is stable (long-term) transgene expression. To monitor inter-
individual variability of promoter activity, another technique
needs to be established.
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Currently, there are possible limitations in the application of
TTM. If the target cells is outside from tight blood vessels, the
blood vessels may restrict secretion of the monitor gene product
from the parenchyma to intravascular space. Blood-brain barrier
(BBB) is the tightest barrier in the body. For noninvasive tumor
growth monitoring, it was reported that Gluc secreted from Gluc-
expressing glioma cells in the orthotropic tumor model can be
monitored by blood sampling [24]. Thus, in case of targeting
glioma, it may be possible to monitor transgene expression in the
tumor by blood sampling. However, BBB leakiness in glioma is
dependent on the type of tumor. In Hs683 human oligoden-
droglioma model, BBB was tighter than that in GL261 mouse
glioblastoma model [25]. Recently, Ogawa et al. reported that
secretable luciferase was detected in cerebrospinal fluid (CSF)
after transfection into the choroid plexus by intracerebroven-
tricular administration of ultrasound-responsive nanobubbles
with naked pDNA [26]. So, monitoring transgene expression in
the brain by CSF sampling instead of blood sampling might seems
feasible.

Applicability of TTM to viral vectors is unclear. For in vivo
gene therapy, adeno-associated viral vectors are a good choice
due to their long-lasting transgene expression and safety [27].
In contrast, the long-lasting expression of monitor gene would
cause a safety concern due to unexpected side effects and the
immunogenicity. So, it may be necessary to control the monitor
gene expression using a drug-responsive Tet-on system [4].
Also, because the packaging capacity of adeno-associated
viral vectors is relatively small compared with that of adeno-
viral vectors, there is a limitation in packaging the monitor
gene in addition to therapeutic gene on the same adeno-
associated viral particle. This can theoretically be solved using
two viral packages encoding therapeutic and monitor genes,
respectively.

4. Conclusion

We have developed a novel method to monitor transgene
expression in tissues by simultaneous administration of a
monitor gene, secretable Gaussia princeps luciferase. Good
correlation between transgene expression levels of the monitor
gene and reporter gene, as a therapeutic gene, was evident after
the administration of naked pDNA and lipoplex via various
administration routes in mice. We named this method, ‘Thera-
peutic transgene monitoring (TTM)’, after ‘Therapeutic drug
monitoring (TDM)’. The basis of analytical methods for TDM,
such as population pharmacokinetics, is theoretically applicable
for TTM. We believe that TTM will contribute to the safety of gene
therapy.
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