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Methods

Vendor’s calibration

The calibration and preparation methods used by various
manufacturers in the United States are similar. Each seed
is placed in a dose calibrator of fixed geometry. The sources
are then grouped in subsets, each having an airkerma
strength variable by 2%. When an order is received from
the customer, it is filled from one to three subsets that have
sequential dose calibrations. Therefore, the resultant seed
order would have an air-kerma strength value with a poten-
tial variability range of up to 5%. This range should be
taken into consideration when the QA program is designed.
The tolerance for the manufacturer’s calibration statement
is 5% at most. STM1251 sources have three different air-
kerma strengths, 0.378, 0.450, and 0.525 U. Seeds with these
air-kerma strengths are imported and commonly used in
Japan.

Single-seed assay

Thirty-four prostate cancer patients were treated with a per-
manent prostate implant using ‘I seeds. All of them were
classified as low-risk patients, with an initial prostate-specific
antigen level of less than 10 ng/ml, Gleason score 6 or less,
and T classification T2a or less (International Union Against
Cancer [Unio Internationalis Contra Cancrum (UICC)]
2002).” The air-kerma strength used was 0.450 U for all
cases. Most of the verification was performed on a Monday
at our department, while in some cases the measurement was
performed on Tuesday or Wednesday of the same week,
when the air-kerma strength had to be modified in accor-
dance with the decay. A total of 2412 seeds were measured.

Single-seed assays were performed using a reentrant-
type ionization chamber (CRC-15BT Dose Calibrator;
Capintec, Ramsey, NJ, USA) and an adapted source holder
that assures reproducible source geometry and minimal
absorption. The chamber calibration for ™1 seeds (model
STM1251) was acquired from an accredited dosimetry cali-
bration laboratory (ADCL) and was subsequently checked
with an ADCL-calibrated 1] seed. Agreement between the
chamber and source was within 1%, which means that direct
traceability is established when a well chamber is calibrated
against a national standard at an ADCL. The chamber has
a sealed thin wall, and features a deep well design with low-
pressure Argon gas and a 500-V bias in order to achieve
optimal response time (within 2 s) without temperature or
pressure corrections. Source activity can be measured accu-
rately in either Curie (Ci) or airkerma strength ).
Because sources measured are inside the vial bottle without
being sterilized, all sources should be sterilized after the
single-seed assay.

Data analysis

The measured data were entered onto a spreadsheet (Excel;
Microsoft, Redmond, WA, USA),‘which contained a simple

macro written to analyze the data. These data consisted of
the minimum, maximum, mean, median, and SD values. For
each of the 34 patients entered in this study we verified
whether the discrepancy between the mean measured value
and the manufacturer’s stated value was less than 3%, and
we also verified that the difference between the actual mea-
sured value for each seed and the mean measured value was
less than 5%. These tolerances were based on the recom-
mendations of the TG-56.°

Using the data for the discrepancies between the mean
measured values and the manufacturer’s stated value for
all cases, a histogram was created with a range of —5% to
+5%.

Results

Only 16 of the total of 2412 seeds (0.66 %) displayed a more
than 5% difference between the measured value and the
manufacturer’s stated value (Table 1). The tolerance of
disagreement for the recommendation of the TG-56" was
less than 1%. In none of the cases did more than 3 seeds
exceed the tolerance of 5% against the manufacturer’s
stated value, as shown in Table 1. Figure 1 shows the fre-
quency histogram for the model STM1251 source expressed
as the discrepancies between the measured mean value and
the manufacturer’s stated value. The disagreement ranged
from -2% to 5% (median, 1%). In each case the SD from
the mean value ranged from 1.1% to 2.5 % (median,2.2%).
In 3 of the total of 34 patients (9%), the tolerance exceeded
the limit of 3% recommended by the TG-40.° However,
agreement between the stated source strength and our
measurements was within the manufacturer’s calibration
tolerance (£5%).

Discussion

In 1979, The Radiological Physics Center discovered a sys-
tematic discrepancy in the calibration of source strength
of 1 seeds.® Although manufacturers claimed to have
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Fig.1. Histogram of discrepancies between measured mean values and
manufacturer’s stated value. Frequency shows number of cases



Table 1. Data analysis of source strength showing the number of seeds
used for implant, the number of seeds exceeding 5% tolerance, and
the discrepancies between the measured mean value and the man-
ufacturer’s stated value

Case Seed Number of seeds with Mean value minus
no. count more than 5% discrepancy manufacturer’s
between source strength stated value (%)
and mean value
1 79 0 0.58
2 60 0 141
3 58 2 0.00
4 80 2 0.28
S 90 1 0.28
6 75 3 -0.85
7 110 0 1.13
8 95 1 0.85
9 65 1 -0.57
10 65 2 3.94
11 83 2 225
12 60 0 1.69
13 110 0 0.85
14 90 0 4.79
15 65 0 1.99
16 46 0 2.82
17 98 1 0.85
18 n 0 0.56
19 68 0 1.97
20 99 0 2.54
21 84 0 1.97
22 61 1 2.82
23 62 0 -2.54
24 48 0 ~0.28
25 90 0 3.10
26 73 0 2.25
27 39 0 1.41
28 5 0 0.56
29 45 0 0.85
30 35 0 1.99
31 45 0 0.28
32 50 0 0.56
33 73 0 ~0.28
34 65 0 0.56

checked and verified the source strength of every seed
before supplying them, it was found that seeds without
radioactivity, or with radioactivity other than the supposed
source strength may have been included in the supply. For
this reason, the AAPM recommends that the manufac-
turer’s assay must be independently confirmed by the insti-
tution’s medical physicist. The United States has set a good
example, because this recommendation has been adopted
by some state and federal regulatory bodies™ and by pro-
fessional organizations such as the American College of
Radiology (ACR),""® the American Brachytherapy Society
(ABS),” and the American College of Medical Physics
(ACMP)." In stark contrast with the situation in the United
States, a single-seed assay has not been performed at any
institution in Japan. In addition, because there are rather
few medical physicists in Japan, it should be noted that the
QA for radiation therapy may not be satisfactory. At the
moment there is no air-kerma strength standard for *I
seeds in Japan, so that we have to send the ionization
chamber to an ADCL to obtain the calibration factor of the
air-kerma strength standard for the I seeds. This can take
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as long as 2 months and can be very expensive. Moreover,
the form in which the source is supplied, at least in Japan,
tends to shift between a nonsterilized vial and a sterilized
cartridge. If a single-seed assay is performed under sterile
conditions, one should pay careful attention to keep the
inner wall of the well-type ionization chamber sterilized
during the procedure.

According to the AAPM TG-56,"° every institution prac-
ticing brachytherapy should have a system in place to assure
secondary traceability for all source types used in its prac-
tice. Single-seed assays are performed routinely at every
such institution in countries other than Japan. Because the
type of ionization chamber used in our study needs no
temperature or pressure corrections and its response time
is within 2s, it takes only around 40 min to measure all
seeds for one patient. Very few medical physicists, only
about 30, are working in hospitals in Japan. Because 90 insti-
tutions have started using permanent prostate implants,” it
is very difficult for these medical physicists to verify and
check the source strength at every institution. However, it
is imperative that the verification of source strength be
continued, so that it may well be necessary to increase the
number of medical physicists.

In the present study we have indicated that every institu-
tion should take responsibility for performing a single-seed
assay every implant. In the United States, medical physicists
are responsible for correctly delivering the dose prescribed
by a physician, so that the cost of the medical services is
covered under the Cur-rent Procedural Terminology (CPT)
billing code number 77331, special dosimetry.

When the discrepancy between the mean measured
value and the manufacturer’s stated value was more than
3% or the deviation from the mean measured value was
more than 5%, we have reported our findings to the manu-
facturer after checking whether the measurement proce-
dure had been performed correctly. These procedures were
followed in accordance with the recommendations of the
AAPM Low-Energy Brachytherapy Source Calibration
Working Group.”” However, because medical physicists are
not licensed on a national basis in Japan, it may be difficult
to employ a medical physicist at every institution. We there-
fore strongly hope that governmental certification of
medical physicists is established as soon as possible.

Conclusion .

A single-seed assay was performed for use of the model
STM1251 seed in 34 cases. The total number of seeds was
2412. The manufacturer’s stated strength of the I seeds
agreed well with the measured value. Our study proved to
be helpful as a guide for the use of permanent prostate
implants of the model STM1251 seed.
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Computed radiography (CR) is gradually replacing film. The application of CR for two-dimensional
profiles and off-axis ratio (OAR) measurement using an imaging plate (IP) in a CR system is
currently under discussion. However, a well known problem for IPs in dosimetry is that they use
high atomic number (Z) materials, such as Ba, which have an energy dependency in a photon
interaction, Although there are some reports that it is possible to compensate for the energy
dependency with metal filters, the appropriate thicknesses of these filters and where they should be
located have not been investigated. The purpose of this study is to find the most suitable filter for
use with an IP as a dosimetric tool. Monte Carlo simulation (Geant4 8.1) was used to determine the
filter to minimize the measurement error in OAR measurements of 4 MV x-rays. In this simulation,
the material and thickness of the filter and distance between the IP and the filter were varied to
determine most suitable filter conditions that gave the best fit to the MC calculated OAR in water.
With regard to changing the filter material, we found that using higher Z and higher density material
increased the effectiveness of the filter. Also, increasing the distance between the filter and the IP
reduced the effectiveness, whereas increasing the thickness of the filter increased the effectiveness.
The result of this study showed that the most appropriate filter conditions consistent with the
calculated OAR in water were the ones with the IP sandwiched between two 2 mm thick lead filters
at a distance of 5 mm from the IP or the IP sandwiched directly between two 1 mm lead filters.
Using these filters, we measured the OAR at 10 cm depth with 100 cm source-to-surface distance
and surface 10X 10 cm?” field size. The results of this measurement represented that it is possible to
achieve measurements with less than within 2.0% and 2.0% in the field and with less than 1.1% and
0.6% out of the field by using 2 and 1 mm lead filters, respectively. © 2009 American Institute of
Physics. [DOIL: 10.1063/1.3103572]

L. INTRODUCTION

For radiation therapy, it is important to measure the dose
distribution in materials in order to put together a treatment
plan that will give an accurate dose distribution and ensure
that the dose to normal tissue is minimized. The usual way to
measure this is to use an ion chamber in water as a gold
standard. However, because this is a sort of point measure-
ment, it is time-consuming to measure the off-axis ratio
(OAR) in two or three dimensions. Furthermore, the reso-
lution of scans is limited due to chamber size.

To measure the dose distribution with high spatial reso-
lution the use of film is an easier solution,'™ However, the
film needs to be developed, and requires that the film pro-
cessor be maintained. With GafChromic film,”” it may be
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80, 0451011

much easier and more useful because of no need to be
chemical processing; however, all facilities cannot afford to
purchase the film digitizer and use such expensive films con-
stantly as a quality .assurance tool. On the other hand, com-
puted radiography (CR) system,® which has been originaily
used for diagnostic purpose, has been more widely used than -
GafChromic film. Additionally, it is being discussed that CR
becomes more prevalent in radiotherapy. The use of the film
processor is decreasing.

A new dosimetric method using an imaging plate™'° (IP)
in a CR system has recently been considered as a replace-
ment for ﬁ]m,“ 13 with the advantage that this method does
not need a film processor. However, IPs include high atomic
number (high Z) materials such as barium, for which there is,
in general, an energy dependency problem, which can pro-
duce an error in the measurements. It is reported that similar
errors occur even in film measurements, but it is possible to

© 2009 American Institute of Physics
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Central axis of beam

- 35cm

FIG. 1. Structure of the IP used in the MC simulation composed of three
layers, a protective layer, a phosphor layer, and a support layer, respectively.
r is the distance from the center of IP. The center of IP is corresponding to

_the central axis of x-ray.

compensate these errors with metal filters. 14-16 There has
been a report asserting that filters czm be used to compensate
the errors for IP measurements also.'! Nevertheless a detailed
discussion regarding the kind of materials to use or where
the filters should be placed, etc. has not taken place. The
purpose of this study is to use Monte Carlo (MC) simulation
to determine the most appropriate filter for IP measurements.
In this investigation, we attempt to find the most appropriate
material, thickness, and location of the filter for IP dosimetry
in order to minimize the dosimetric error in OAR measure-
ments with a 4 MV photon beam.

Il. MATERIALS AND METHODS

A. MC simulation parameter settings and evaluation

For the MC simulations, we used GEANT4 (version 8.1
patch-01). GEANT4 is a calculation code widely used for high
energy physics, nuclear physics, space physics, and medical
physics, etc. The photon and electron mteractlons in the ma-
terial are simulated down to 250 eV.'” The GEANT4 physics
models selected for this study were the low-energy electro-
magnetic process, and the number of history was 2 X 108
photons. GEANT4 utilizes a stopping range instead of energy
to control the tracking and production of secondaries. In
GEANT4, all particles are tracked to a zero range except for
secondaries with a range shorter than the production cutoff
range set by the user. In this study, the production cutoff
range was set to 0.01 mm.

The spectrum used in this study was a 4 MYV photon
spectrum calculated from Schiff’s formula.'® There have
been reports that thls formula has been extended for medical
linear accelerator.'”*! In this study, we calculated the spec-
trum using Schiff’s formula, where we attached 10 mm thick
copper attenuations by every 50 keV as the target and the
material under the target.

The IP used in the MC s1mulat10n is a STVN (FUJIF-
ILM Corp., Minato-ku, Tokyo). As shown in Fig. 1 the size
of the IP is 35X 35X 0.0559 cm® and it is composed of three
layers, a protective, phosphor, and support layer and protec-
tive and support layers are made of Polyethylene terephtha-
late (PET), and the phosphor layer is BaFBrl. The composi-
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X-ray

100cm

Field size at surface
10X 10cm?

40cm

FIG. 2. Materials setting. A 40X 40X 40 cm® water tank phantom was used
in the simulation. The SSD was 100 cm and the field size 10X 10 cm®. The
middle of water phantom was irradiated with a 4 MV photon beam, The
incidence of photons was uniformly carried out in the exposure field. The IP
was place at a depth of 10 cm from the surface of water.

tion of PET is C:H:0=10:8:4 and the density is
1.38 g/cm®. BaFBrl consists of 56.45% Ba, 7.81% F,
27.92% B, 7.82% 1, and the density was set to 5.50 g/cm®.
To verify the calculation conditions, we compared measure-
ments and simulation.

1. Measurement

The linear accelerator used was Clinac2100C (Varian
Medical Systems Inc., Palo Alto, CA) and we used only
4 MV photons with a 10X 10 cm?® field and a 100 cm
source-to-surface distance (SSD). For percentage depth dose
(PDD) measurements in water, we used a PTW Freiburg
N31005 ionization chamber in a three-dimensional (3D) wa-
ter phantom (Dynascan, Computerized Medical Systems
Inc., St. Louis, MO). We measured the PDD on the central
beam axis and the OAR at a depth of 10 cm. For the OAR
measurement with the IP, a 40X 40 cm? water equivalent
solid phantom (Solid Water Phantom, Gammex Inc., Middle-
ton, WI) was used instead of the 3D water phantom. The IP
(ST-VN, 3535 cm? Fujifilm Corp., Minato-ku, Tokyo)
was placed perpendicular to the beam axis at a depth of
10 cm in the stack of 40 cm solid phantom. The IP was
exposed to a dose of 12.5 mGy, and was then read out using
a FCR5000 (Fujifilm Medical Co. Ltd., Minato-ku, Tokyo)
and converted to DICOM format where the S value, which
gives the sensitivity of the FCR during read out, was set to 2,
and the L value, which gives the latitude, was set to 4. The
other parameter settings were S-Shift: 1, C-Shift:1, GA:A,
GC:1.2, GS:0.00, RN:3, RT: F, RE:0.0, and DRC: off. These
values were all fixed. The OAR data were obtained from a
line profile on the acquired two-dimensional IP dose profiles.
To determine the dose deposited on the IP we made the dose
conversion table for the pixel value on the IP. First we mea-
sured at the central axis with an ion chamber from 2.5 to
15 mGy under the same condition, and next we read out the

Downloaded 02 Feb 2010 to 133.11.102.2. Redistribution subject to AlP license or copyright; see hilpy/rsi.aip.org/rsi/copyright.jsp
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FIG. 3. Example showing the behavior of 100 photons in the water phan-
tom.

corresponding data area on the IP, 100X 100 pixels with
each pixel being 0.1 X0.1 mm? and which was compared
with the one with ion chamber.

2. MC simulation

The geometrical setup is shown in Fig. 2. First, the PDD
and OAR at 10 cm depth were calculated without anything
placed in water phantom, where these calculated data were
compared with the measured data from the ionization cham-
ber. The voxel size used for the calculation of the water
absorbed dose was 5X5X 5 mm?, For the simulation with
the IP, the IP was placed perpendicular to the beam axis at a
depth of 10 cm, and the OAR was obtained by calculating
the dose to the phosphor layer. The voxel size used for this
calculation was 5 mmX5 mmX210 um. Figure 3 is a
schematic showing the result of the calculation.

B. Investigating the filter by MC simulation

This calculation also followed the above prbcedure The
size of filters used in the simulation was 35X 35 cm?, and
the filters were set, as shown in Fig. 4, in three dxfferent
configurations: above only, below only, and one on each side
simultaneously. The material, thickness, and displacement of
the filters were varied. The same simulation was repeated
without the IP and filters, from which the OAR was obtained

{-ray

\

Filter at Upper Side
Thickness

Interval

Filter at Lower Side

FIG. 4. Schematic diagram showing the location of double filters placed on
both sides of the IP. The size of the filter was 35X 35 cm?, The material,
thickness, and the distance between the IP and the filter were varied.

Rev. Sci. instrum. 80, 045101 (2009)

and used as a reference for comparison. From the simulation,
the appropriate filter was identified as the one for which the
calculation result was closest to the OAR data without the [P.
The following formula was used to determine which data
gave the closest comparison,

(OARp, — OARy,)
OARy,,

where OARpp, is OAR on the IP (the phosphor layer) at r
millimeters from the central axis. OARy,, i OAR with the
IP and the filter in 7 millimeters from the central axis and
likewise OARy is the one in O mm from central axis. Un-
less stated, the value for the OAR is computed with the arith-
metic average of relative errors locating from —60 to .
—100 mm from central axis at a 10 cm depth, where the
errors obviously show up, with a 10X 10 cm? field size and
100 cm SSD.

(relative error), (%)= X 100,

1. Material of the filters

The materials used in this evaluation are simple sub-
stances with atomic number (Z) from 4 to 82. Concerning the
material data, the simulation was carried out m two ways,
one simply using the density of every material,”? the other
setting the density to the one of lead, 11.35 g/cm?, for all
the materials in order to observe the Z dependency. The
thickness was fixed to 2 mm and there was no gap between
the filter and the IP.

2, Filter thickness

For this evaluation, only the lead filter was used. The
filter thickness was varied from O to 15 mm and there was no
gap between the filter and IP in the calculation.

3, Filters displacement

The lead filter was also used for this calculation. The
distance between the IP and the filter (expressed by “Inter-
val” in Fig. 4} was varied from 0 to 15 mm for two cases;
filter thicknesses of 2 and 1 mm. We set water equivalent
data in the interval.

Hll. RESULTS AND DISCUSSIONS

A. MC simulation parameter settings and evaluation

As reported by Olch,'! the dependence of the pixel value
from IP measurement on dose is given in Fig. 5, and this is
expressed by a logarithmic relationship. The energy spec-
trum used in the simulation is shown in Fig. 6. For compari-
son, the results of the calculation and the measured PDD and
OAR are shown in Fig. 7. As can be seen in Fig. 7(a), the
calculated depth dose relationship is in good agreement with
the measured data. From Fig. 7(b) we can find the average
values of the relative error from ~60 to —100 mm from the
central axis with and without the IP. These are 20.7+2.6%
for the measurement and 20.5*3.0% for the simulation,
showing good agreement for the OAR. These results infer
that the MC simulation settings used were realistic.

Downloaded 02 Feb 2010 to 133.11.102.2. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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FIG. 5. Relationship between absorbed dose and pixel value along the cen-
tral axis of 2 10X 10 cm? field in 10X 10 mm?.

B. Investigating the filter by MC simulation

The calculated OAR is shown in Fig. 8, which shows
that, compared with the dose in water (dose with no IP in
water), there is a 20.5+ 3,0% difference in the average value
of the relative error from —60 to —100 mm from central axis
with the IP only, a 15.3+2.7% difference for the IP with a
2 mm copper filter placed above it and a 9.8+2.2% differ-
ence for the IP with a lead filter. It can be seen that the use of
filters shifts the result closer to the dose in water with no IP.

First, we shall discuss the appropriate material to be used
for the filter. A similar calculation to that shown in Fig. 8 was
done for each material in order to determine the appropriate
filter. The results are shown in Fig. 9. As the results show,
placing a filter on each side of the IP produced a better effect
than with a single filter on either side. In Fig. 9(a), compared
to Ag(Z=47) and Nd(Z=60), Ba(Z=56) has a higher relative
error based on r-tests (P<0.001). This is because Ba has a
density of 3.5 g/cm?® and thus, compared with Ag {(density:
10.5 g/cm®) and Nd (density: 6.9 g/cm®), has a smaller ra-
tio between density and Z. On the other hand, Fig. 9(b)
shows the Z dependency only for filter materials (Z=4-82),
from which we can see that the effect produced by the filter
improves as Z increases, and, as the results indicate, using a
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high density filter material on both sides leads to a much
better effect. Considering the results and the materials that
are practical to use, we conclude that Pb would be the most
appropriate filter material. ’

Our second discussion is with regard to the filter thick-
ness. The MC simulation results are shown in Fig. 10, which
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FIG. 8. Comparison of the OAR in water for nonfilter and 2 mm thick Cu
and Pb filters where the filter is placed in contact with the IP.
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shows the relationship between the relative error and the
thickness of the Pb filter from —60 to — 100 mm from central
axis. It can be seen that there is a general trend for the rela-
tive error to fall to a constant value as the filter thickness is
increased. For the filter placed under the IP, this occurs for a
thickness of 1 mm, and is due to the contribution of low
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Average values of relative error using a 1 mm thick Pb filter,

energy photons scattered from the IP. According to the re-
sults, good agreement was found between the calculated
OAR without an IP and when using 1 mm thick Pb filters on
each side of the IP. If filters thicker than 1 mm are used, the
effect becomes excessive. As shown in Fig. 10, the gradient
of the relative error curve is steep at 1 mm, so that, when
making the filter, care should be taken in the precision of the
thickness; for example, if the filter were to be 0.75 or 1.5 mm
in thickness, relative errors of 1.8+0.8% or ~0.9+ 0.6%,
respectively, would arise.

So far we have determined the most suitable material
and the thickness of the filter. Finally, we discuss the position
of the filter with respect to the IP. The relationship between
the relative error and the distance of the Pb filter from the IP
was calculated. Figure 11 represents the results for 2 mm
thick Pb filters [Fig. 11(a)] as well as 1 mm thick filters [Fig.
11(b}]. There is no significant position dependent effect ob-
served for the filter placed above the IP; whereas, for ones
placed beneath or on both sides of the IP, the relative errors
increase linearly as the distance between the IP and the filter
increases. It is indicated that the filter effect tends to dimin-
ish. The scattered photons basically have a lower energy .
spectrum and scatter into a larger solid angle. In addition to
this, since the IP includes high atomic number (Z) materials,
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such as Ba, the lower energy photons are attenuated much
than higher ones. This is how the ratjo of the energy given to
IP by the backscattered photons from down stream of the IP
is greater than that by photons scattered from upper stream of
IP where water exist between the IP and the filter and the
scatter is caused mainly by interaction with water. Therefore,
the contribution to the IP of photons backscattered from un-
der the IP is much larger than photons scattered from the
upper side of the IP. This is the reason, if the interval is large,
the filter position affects the relative errors. Essentially, the
best options for position found from the results are with fil-
ters placed on each side of the IP, either with 2 mm Pb filters
with a 5 mm interval or 1 mm Pb filters with a O mm interval
(i.e., filters attached to both sides of the IP). Note that preci-
sion is also needed when placing the filters at the recom-
mended distances. The OARs of the optimum filter positions
and that without an IP (OAR in water) are shown in Fig.
12(a). In addition, the relative errors derived from the results
in Fig. 12(a) are shown in Fig. 12(b), which showed that the
relative errors of 1 mm Pb filters with a 0 mm interval and
2 mm Pb filters with a 5 mm interval distributed around 0%
both in and out of the field. There was a good agreement
with the result of the water absorbed dose. In detail, we
calculated the root mean square of the relative error in terms
of out-of-field (from —60 to —100 mm) and in-field (from
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FIG. 13. Comparison of the energy spectra of photons (1X 10% photons)
interacting in the IP, on the beam axis and at —80 mm from the central axis
for the cases with no filter and 1 mm thick Pb filters attached to each side of
the IP.

0 to —50 mm). The results of 1 and 2 mm thick Pb filters
were 2.0% and 2.0% in the field and 0.6% and 1.1% out of
the field, respectively. Thus, this simulation study indicated
that, by using two 1 mm thick Pb filters attached to each side
of the IP or two 2 mm thick Pb filters placed 5 mm from each
side of the IP, it is possible to obtain OAR curve with IP as
accurate as the one based on the absorbed dose calculated
only in water.

We also investigated the energy spectra in the IP with
and without filters. We calculated the energy spectrum in
each case from the MC analysis and the results are shown in
Fig. 13. What the figure shows is that the number of photons
in the low energy range (especially keV range), where there
is an energy dependency on the IP, is reduced by the filter.
Thus, the accuracy of the IP measurement is improved when
the filter is used. The OAR measurement, in particular, can
be done without concern about the energy dependency
of the IP.

In study of Olch," a 0.4 mm Pb filter was placed on both
sides of an IP and a 6 MV photon OAR measurement was
done. This is different from our study where 1 mm Pb filters
were attached to both sides of the IP. What we have done in
our study is completely different to his research with respect
to using different IPs, energies, different procedures, and so
on. To make a comparison with his study and also to develop
a more reliable filter, a further more detailed study using
more sophisticated calculation conditions would be needed.
Additionally a certain distance of 5 mm from each side of the
IP obtained in this study was suggested as one of parameters
for using the Pb filters as simply as possible. This was the
result that we tried to figure out some parameters as less as
possible, by which it is expected that the quality assurance
would be performed easily and quickly. However, it may also
be important that the consideration of specific parameters
suitable for each measurement condition would be needed to
investigate the possibility of use of IP as a quality assurance
tool with high accuracy.
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LETTER TO THE EDITOR

Joumal of Dermatology 2009; 36: 663-665

latrogenic vulvar skin metastases after interstitial
radiotherapy for recurrent cervical cancer

Dear Editor,
We report a case of a 68-year-old woman with iatro-
genic vulva skin metastasis after interstitial radiother-
apy (ISRT) was performed for recurrence in the
vaginal stump of uterine cervical carcinoma. At age
65 years, she complained of atypical vaginal bleed-
ing. The diagnosis was uterine cervical adenosqua-
mous carcinoma with direct vaginal invasion. She
received abdominal radical hysterectomy, bilaterai
salpingo-cophorectomy, pelvic lymphadenectomy,
and para-aortic lymphadenectomy in our institution
on 31 August 2006. The pathological stage was
T2aNOMO. Postoperative adjuvant whole pelvic radio-
therapy using four-portal box fields (50.4 Gy in 28
fractions) was performed because of deep invasion
{(>1/2) to the muscle layer from 21 September 2006.
On 14 August 2008, high-dose-rate ISRT was
started using iridium-192 (36 Gy in six fractions twice
a day for 3 successive days). A Martinez Universal
Perineal Interstitial Template (MUPIT) utilizing eight
metal needle applicators™? with individual diameters
of 1.5 mm and lengths of 160-200 mm for Micro-
Selectron HDR (Chiyoda Technol, Tokyo, Japan) were
used for the recurrence in the postoperative vaginal
stump (Fig. 1). The external view is shown in Fig-
ure 1(a), the scout view of computed tomography in
Figure 1(b), and the dose distribution in the machine
for radiotherapy planning in Figure 1{c). On January
2009, multiple vulvar skin metastases were found
{Fig. 2). The metastatic lesions approximated with the
sites on the skin where the needle applicators had
been inserted, and where she complained of pain. On
20 January 2009, a biopsy of the vulva skin was per-
formed. The diagnosis was poorly differentiated carci-
noma involving the vulva (Fig. 3a), and which was
consistent with metastases from previously resected
primary uterine cervical carcinoma (Fig. 3b).

Interstitial radiotherapy by MUPIT is a good choice
to deliver high-dose radiation in recurrent gynecologi-
cal malignancies after extemal beam radiotherapy
where conventional brachytherapy application is not
feasible and is likely to give optimal dose distribution.
Furthermore, locoregional control obtained with ISRT
is good and within the accepted range of complica-
tions.®>® This MUPIT template consists of a central
large hole for placement of tandem and an array of
small holes around this large hole for insertion of
needles. The eight needies were inserted into the
tumor and surrounding tissue and withdrawn on the
final day. Uterine cervical carcinoma typically
advances in a predictable fashion locally and through
the lymphatic route..Lymphatic metastases usually
occur first in the pelvic nodes and later in the para-
aortic and/or supraclavicular nodes. In more
advanced stages, the tumor cells spread hemato-
genously, representing lung or liver metastases.
According to Sakurai et al.® in Gunma University, a
total of 74 out of 256 patients (29%) between 1976
and 1994 had recurrence after definitive radiation
therapy alone, and regarding first sites of recurrence,
recurrent locoregional cancers were identified in 22
patients (30%), lymphogenous cancer in 22 patients
(30%) and hematogenous in 19 patients (26%). Of
the lymphogenous recurrences, eight (36%) devel-
oped in para-aortic nodes, 11 (50%) developed in
supraclavicular nodes and three (14%) developed at
both sites. Cervical cancer often spreads through
direct local extension and through the lymphatics and
skin. Also, cutaneous metastases from cervical can-
cer are very rare (.e. <2%).”® Therefore, it is consid-
ered that iatrogenic skin metastasis after ISRT
occurred in this case through the same mechanism
of intra- and extrahepatic disseminations of hepato-
cellular carcinoma after radiofrequency thermal
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Figure 1. Interstitial radiotherapy with eight metal applica-
tors. (a) Extemnal view; (b) scout view of computed tomogra-
phy (CT); (c) dose distribution in the machine for radiotherapy
planning.

664

Figure 3. Hematoxylin—eosin staining. Poorly differentiated
carcinoma involving (a) the vulva and (b) previously resected
primary uterine cervical carcinoma {original magnifications
x100).

© 2009 Japanese Dermatological Association



ablation.’® To our knowledge, iatrogenic skin metas-
tasis after ISRT has not been previously reported.

Hideomi YAMASHITA,

Kae OKUMA, Keiichi NAKAGAWA
Departments of Radiology, Univessity of Tokyo Hospital, Tokyo, Japan
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Abstract

Background Efficient and continuous expression of a therapeutic transgene
is a key factor for improving the efficacy of gene therapy. Some insulators
are known to contribute to continuous high-level expression of a therapeutic
transgene.

Methods Using the human AAVS1 insulator (DHS) found in the AAVS1
DNase I hypersensitive site, chicken 8-globin insulator (¢HS4) and sea urchin
arylsufatase insulator (Ars), we newly constructed three recombinant adeno-
associated virus vectors (rAAV) and examined their capability of transducing
the mouse quadriceps muscle.

Results DHS increased transgene expression from the human elongation
factor lor promoter (EF) by 1000-fold, up to the high level achieved by
the human cytomegalovirus immediate early promoter/enhancer (CMV),
which comprises an extremely strong promoter for driving a transgene. cHS4
enhanced the expression by 100-fold, whereas Ars did not. The enhanced
expression was maintained for at least 24 weeks. Vector copy numbers were
similar with and without DHS or cHS4; thus, the enhancement is most likely
due to up-regulated transcription. Neither DHS, nor cHS4 affected transgene
expression from CMV. DHS enhanced expression from the human muscle
creatine kinase promoter/enhancer by 100-fold in mice, as did DHS from EF.

Conclusions Although DHS was unable to further enhance high expression
from the strong viral enhancer/promoter, it enhanced low expression from
the human promoters by 100- to 1000-fold. Thus, DHS may be useful for
constructing rAAVs that express a therapeutic transgene from less efficient,
tissue specific promoters. Copyright © 2009 John Wiley & Sons, Ltd.

Keywords AAV vector; insulator; transduction of muscle

Introduction

Recombinant adeno-associated virus vector (rAAV), which is highly stable
and can infect various organs, is considered to be suitable for in vivo admin-
istration in gene therapy [1,2]. Because the rAAV genome lacks the viral rep
gene, whose product mediates the viral DNA replication and the integration
of the viral DNA into the AAVS1 region in chromosome 19, the rAAV genome is
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not replicable and does not undergo site-specific
~ integration [3,4]. Recent studies have shown that the vast
majority of infected rAAV genomes persist in the muscle
in an extra-chromosomal circular form [5-7]. A variety of
integration junctions between the rAAV genome and host
chromosome have been recovered, indicating that a small
fraction of the infected rAAV genomes is integrated at
random sites [8]. The expression of transgene introduced
by rAAV lasts for a long time, and some successful animal
data have allowed human clinical trials to be conducted
using rAAVs for the treatment of cystic fibrosis, hemophilia
B, and Parkinson’s disease [9~11].

Efficient and continuous expression of a therapeutic
transgene is a key factor for improving the efficacy of
gene therapy. Insulators comprise an element with the
potential to induce continuous high-level expression of
a transgene. Insulators have been shown experimentally
to comprise the DNA sequences that define a domain of
gene expression by directionally protecting a promoter
from enhancers in different domains and by acting
as a boundary to the surrounding heterochromatin
[12]. Heterochromatinization is associated with silencing
epigenetic modifications, including histone deacetylation
and DNA methylation. Insulators appear to have
mechanisms that counteract the silencing effects of
heterochromatin [13,14].

In previous studies, insulators were inserted into vector
genomes to protect their transgene expression cassettes
from the negative influences brought about by adjacent
elements. Expression of the transgene integrated in the
host chromosome with a lentivirus vector carrying the
chicken g-globin insulator is two-fold higher than that
with the insulator-less vector [15]. The chicken g-globin
insulator inserted into an adenovirus vector shields a
downstream promoter from viral enhancers or silencers
that are present in the vector genome [15-18].

In the present study, we constructed rAAVs with the
selected insulator and injected them into the skeletal
muscle of mice. Because previous studies have indicated
that the great majority of rAAV genomes are maintained
as extra-chromosomal concatemers, the muscle is an
appropriate organ to target when aiming to avoid dilution
of vector genomes by host cell division. The insertion
of the insulator enhanced transgene expression from the
human elongation factor 1o promoter and human muscle
creatine kinase promoter/enhancer but did not affect
expression from the human cytomegalovirus immediate
early promoter/enhancer. These data suggest that the
insulator has capacity to enhance transgene expression
from a less efficient promoter.

Materials and methods

Vector plasmids
The DNA fragment encoding luciferase, which was excised

from pGl4.10 (Promega Corp., Madison, Wi, USA) by
digestion with Kpnl and Xbal, was inserted between Kpnl

Copyright © 2009 John Wiley & Sons, Ltd.
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and Xbal in the multiple cloning site of pEF1/Myc-HisA
(Invitrogen Corp., Carlsbad, CA, USA) to yield pEFla-
luc containing a luciferase expression cassette driven by
the human elongation factor la promoter (EF). pAAV-
hrGPFP (Stratagene, La Jolla, CA, USA) was digested with
Xhol and treated by a DNA Blunting Kit (Takara-Bio
Inc., Otsu, Japan), followed by further digestion with
Mlul, and then electrophoresed on an agarose gel. The
DNA fragment containing plasmid backbone, two inverted
terminal repeats (ITRs), and hGH-polyA signal (pAAV-
ITR) was extracted from the gel. The luciferase expression
cassette, which was excised by digestion of pEF1la-luc with
Miul and Pmel, was ligated with pAAV-ITR to generate
PAAV-EF1-Luc. pAAV-EF1-Luc was digested with Miul and
treated by DNA Blunting Kit, followed by the insertion
of BamHI linker to add a BamHI site for the insertion
of the insulator fragment. The DHS-S1 region (352 bp,
nucleotides 27897527-27897176 of NT.011109.15) [19]
was amplified from HelLa genomic DNA by polymerase
chain reaction (PCR) with a forward primer having a
BamHI site and a reverse primer having a Bglll site, and the
resultant fragment was designated as DHS. The chicken
B-globin insulator core region (244 bp) [20] and the sea
urchin arylsufatase insulator region (578 bp) [21] were
generated by annealing of the synthetic complementary
oligonucleotides with the sequences of these regions and
the recognition sequences of BamHI and Bglll at the 5' and
3’ ends and the resultant DNA fragments were designated
as cHS4 and Ars, respectively. Stuffer, a transcriptionally
inert DNA fragment, was amplified from a modified
Renilla luciferase gene (nucleotides 1329-1679 of phRG-
TK (Promega Corp.)) by PCR with a forward primer with
a BamHI site and a reverse primer with a BglIl site,
Stuffer and the insulator elements were inserted into
the BamHI site of pAAV-EF1-Luc to produce pAAV-EP-
Stuffer, pAAV-EF-DHS, pAAV-EF-cHS4, and pAAV-EF-Ars,
respectively.

A DNA fragment containing the human cytomegalovirus
immediate early promoter/enhancer (CMV) and g-globin
intron of pAAV-hrGFP was amplified by PCR using primers
having Hindlll sites at their 5’ ends. pAAV-EF-Stuffer,
PAAV-EF-DHS, pAAV-EF-cHS4, and pAAV-EF-Ars were
digested with HindIll to remove the promoter region
(EF) and then ligated with the CMV fragment to pro-
duce pAAV-CMV-Stuffer, pAAV-CMV-DHS, pAAV-CMV-
cHS4, and pAAV-CMV-Ars, respectively. The C2 site of
CMV [22] was removed from pAAV-CMV-Stuffer and
PAAV-CMV-DHS to produce pAAV-CMV/E(--)-Stuffer and
PAAV-CMV/E(—)-DHS, respectively.

Human muscle creatine kinase enhancer and pro-
moter regions were amplified from human keratinocyte
genomic DNA by PCR with the primers for the enhancer
(5’-GGATCCTCGAGCCACCCAGGGCCCCGT-3’ and 5/-
CTCGAGGGAGGGTCTCGGTCGCCG-3') and for the pro-
moter (5'-CTCGAGGCCCAGGAAGGGCTGGTGGCTGAA-
3’ and 5-AAGCTTGGCTGGGCTGGGCTGAAGGGG-3).
After cloning the PCR-fragments into pGEM-T easy
(Promega Corp.), the enhancer fragment was obtained
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by digestion with BamHI and Xhol and the promoter frag-
ment was obtained by digestion with Xhol and HindIII.
These two fragments were ligated at Xhol site to produce
the human ‘muscle creatine kinase promoter/enhancer
(CKM) and then ligated with the larger fragment obtained
by digestion of pAAV-EF1-Luc with BamHI and HindIIl.
Stuffer and the insulator elements were inserted into
the BamHI site of the resulting plasmid to produce
PAAV-CKM-Stuffer, pAAV-CKM-DHS, pAAV-CKM-cHS4,
and pAAV-CKM-Ars, respectively.

Cells

The 293 FT cells were grown in the Dulbecco’s modified
Eagle’s medium (Invitrogen Corp.) containing 10% fetal
bovine serum, penicillin (50 ug/ml), kanamycin (100
units/ml) (growth medium) supplemented with G418
(500 pg/mi).

The C2C12 cells [23] were grown in the growth
medium and passaged every other day.

rAAVs

The 293 FT cells (5 x 10%) were seeded in a 10-cm
poly p-lysine dish (BD Biosciences, San Jose, CA, USA)
and incubated for 24 h. The cells were transfected
with a mixture of a vector plasmid (3pg) and a
helper/packaging plasmid (pEEV-XX2) [24] (9 ug) by
using 36 ul of Lipofectamine 2000 (Invitrogen Corp.)
per dish. The medium was changed every 24 h with
the growth medium supplemented with 1x non-essential
amino acid (Invitrogen Corp.) twice. The cells were lysed
by freeze~thaw 3 days after the transfecton and rAAV
was purified by the heparin affinity column method, as
described previously [25].

The purified rAAV stock was treated with benzonase
for 30 min at 37°C, followed by overnight treatment
of sodium dodecyl sulfate and proteinase K, Vec-
tor genome was then extracted by phenol/chloroform
extraction, chloroform extraction, and ethanol precip-
itation. The rAAV genome copy number was mea-
sured by real-time PCR (7900HT Fast Real-Time PCR
System; Applied Biosystems, Foster City, CA, USA)
using Power SYBRGreen PCR Master Mix (Applied
Biosystems). The PCR primers for the real-time PCR
were set in the luciferase coding sequence. The
forward primer was 5-TTGTGTCCGATTCAGTCATGC-
3’ (300 nMm final concentration) and the reverse
primer was 5'-GGTGAACATGCCGAAGCC-3’ (300 nM final
concentration).

Assay of luciferase activity of C2C12
cells infected with the rAAV

The C2C12 cells (1 x 10%) were seeded in a 96-well plate,

incubated for 24 h, and then inoculated with the rAAV
(1 x 10® genome copies). The cells were harvested at

Copyright © 2009 John Wiley & Sons, Ltd.
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72 h after inoculation and lysed with Passive Lysis Buffer
(Promega Corp.). Luciferase activity was measured with
Mithras LB940 (Berthold Technologies, Bad Wildbad,
Germany) using Luciferase Assay Systems (Promega
Corp.). The level of luciferase activity was exhibited in
relative light units (RLU).

Assay of luciferase activity of mouse
muscles injected with the rAAV

Female BALB/c mice (aged 4 weeks) purchased from
Nippon SLC (Shizuoka, Japan) were used in accordance
with the local institutional guidelines. The animal was
anesthetized with diethyl ether and the quadriceps muscle
wag injected with rAAV suspended in phosphate-buffered
saline (PBS) (50 pul). For comparison, some mice received
plain PBS in a similar manner. The entire quadriceps
muscle was removed, cut into small pieces (approximately
200 mg), and rapidly frozen on dry ice prior to luciferase
analysis. The frozen muscle was mixed with passive lysis
buffer with the ratio of 300 pul to 100 mg of tissue.
The mixture was then homogenized with a Zirconium
bead with MM300 (Retsch GmbH, Haan, Germany) at
a frequency of 25 Hz for 15 min, and was left at room
temperature for 15 min. The total homogenate of each
leg was centrifuged at 12000 r.p.m. (11000 x &) for
5 min. The supernatant (20 pl) was used for the luciferase
activity assay.

Assay of the vector genome copy
number in the muscle

The mouse quadriceps muscle was injected with rAAV
of 1 x 10 genome copies. The muscle was isolated
at 4 weeks after injection. Total DNA was exiracted
from the muscle by using Blood & Cell Culture
DNA Midi Kit (Qiagen, Valencia, CA, USA) accord-
ing to the manufacturer’s instructions. The amount of
the vector genome DNA in the sample was deter-
mined by TaqMan PCR. The TagMan PCR primers and
probe were set in the luciferase coding sequence. The
forward primer was 5-TTGTGTCCGATTCAGTCATGC-
3’ (300 nM final concentration) and the reverse
primer was 5-GGTGAACATGCCGAAGCC-3’ (300 mm
final concentration), and the probe was 5-FAM-
CTTCGGCAACCAGATCATCCCCG-TAMRA-3 (200 nM
final concentration). The TagMan PCR conditions used
were: 95 °C for 10 min, followed by 40 cycles of 95 °C for
15 s and 60°C for 1 min in a 25-ul reaction volume, The
level of vector DNA in the sample (25 ng of total muscle
DNA) was estimated by comparison with the standard
curve that had been produced using 1 x 10! to 1 x 10°
copies of vector plasmid (coefficient of linearity > 0.995),
The result obtained was expressed as the rAAV DNA copy
number per nucleus, assuming that one nucleus contains
6 pg of genomic DNA.
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Results

Production of rAAVs with the insulator

Figure 1 shows the rAAV vector genomes constructed in
the present study. We selected three insulators: DHS that
had been found in a DNase I-hypersensitive site in the

“ AAVS1 region, cHS4, and Ars, and inserted one of the
insulators upstream of the promoter in the direction to
insulate the luciferase expression cassette, AAVS1 on the
q arm of human chromosome 19 is the specific target
site of AAV2 for the integration of the viral genome. For
comparison, Stuffer, an unrelated DNA fragment from the
modified Renilla luciferase gene, was used in place of an
insulator, We used four promoters: EF, CKM, CMV, and an
enhancer-less version of CMV [CMV/E(-)], which lacks
the enhancer region of CMV,

The rAAV was produced in the 293 FT cells transfected
with the vector plasmid and the helper/packaging plasmid
expressing the cap and rep genes of AAV2. The sizes of
the vector genomes were in the range 3.66-4.60 kb,
The rAAV was designated with the promoter and the
insulator used for the construction of its vector genome.
For example, rAAV having EF and DHS, CMV and cHS4,
and CMV/E(—) and Stuffer were designated as rAAV-
EF-DHS, rAAV-CMV-cHS4, and rAAV-CMV/E(-) -Stuffer,
respectively, With our procedure, the level of each rAAV
produced in a 10-cm culture plate was within the range
from 3 x 108 to 5 x 10® genome copies, indicating that
these insulators did not affect the packaging of the vector
genome.

Transduction of mouse C2C12 cells,
a myoblast cell line, with the rAAVs

The inserted DHS or cHS4 enhanced the transgene
expression from EF in the C2Cl12 cells, a myoblast
cell line derived from a C3H mouse. However, the
insulators did not affect the transgene expression from
CMV. The rAAV (1 x 10%) was inoculated to the C2C12
cells and luciferase activity of the cell lysate was
measured at 72h after inoculation (Figure 2). The

- EF : human elongation factor 1n promoter

+ CKM: human muscle creatine kinase promoter/enhancer

+ CMV: human cytomegalovirus immediate early promoter/enhancer
+ CMVIE(-): CMV lacking the enhancer region

Promoter Firefly Luciferase § hGH/polyA H TR
A
« Stuller: a part of renilla luciferase coding region 351bp
+ DHS: AAVST DNasa i-hypersensitive site 352bp
+ cHS4: chicken g -globin 5° HS4 core 244bp
+ Ars: sea urchin arylsulfatase insutator §78bp

Figure 1. Schematic representation of rAAV genomes. ITR,
inverted terminal repeat; hGH/pA, poly A site of human growth
hormone gene
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luciferase activities induced by rAAV-EF-DHS and rAAV-
EF-cHS4 were two- to three-fold higher than those
induced by rAAV-ER-Stuffer (Figure 2A). The luciferase
activities induced by rAAV-CMV-DHS, rAAV-CMV-cHS4,
and rAAV-CMV-Ars were similar to those induced by
rAAV-CMV-Stuffer (Figure 2A). The luciferase activity
induced by rAAV-CMV/E(-) was extremely low and
was enhanced by the insertion of DHS to the level
of 1:200 of rAAV-CMV-Stuffer (Figure 2B), indicating
that DHS did not compensate the CMV enhancer. Thus,
DHS and cHS4 raised the transgene-expression from
EF to a level comparable to that induced from CMV,
which is one of the most efficient promoter/enhancer
systems,

Transduction of the mouse muscle with
the rAAVs

Figure 3A shows luciferase activities induced by rAAV-
EFs in mice, The quadriceps muscle of 4-week-old female
BALB/c mice was injected with 50 pl of the rAAV-EFs
(1 x 108, 1x10% or 1x 10 genome copies) in PBS
or plain PBS for the measurement of background. Each
rAAV preparation was injected into five (in some cases,
four or six) legs. The left and right legs were used for
different rAAVs to reduce intermouse variability. The
luciferase activity of the injected muscle was measured
at 4 weeks after injection. Although, at a dose of 1 x 108
genome copies, luciferase activity induced by rAAV-EF-
Stuffer was almost at the background level, luciferase
activities induced by rAAV-EF-DHS and rAAV-EF-cHS4
were readily detectable. The luciferase levels increased
depending on the doses. At all doses tested, the average
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Figure 2. Transduction of C2C12 cells with (A) rAAV-EFs and
rAAV-CMVs and (B) rAAV-GCMV/E(~)s. C2C12 cells (1 x 10%)
were inoculated with the indicated rAAV and lysed 72 b later.
The luciferase activity of the lysate was measured. The average
of three independent experiments is presented with error bars
indicating the standard deviation
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Figure 3. Transduction of the mouse muscle with rAAVs. (A) Levels of luciferase induced by various doses of rAAV-EFs. The mouse
quadriceps muscle was inoculated with the indieated rAAV and harvested at 4 weeks after injection. The muscle was minced and
lysed, and measured for Iuciferase activity. Bars indicate the average values. p < 0.05 (t-test) was considered statistically significant.
(B) Levels of luciferase at 4, 12, and 24 weeks after injection with rAAV-EFs. The mouse quadriceps muscle inoculated with the
indicated rAAV was harvested at 4, 12, and 24 weeks after injection. The luciferase activity was measured in a similar manner. Bars
indicate the average values. p < 0.05 (t-test) was considered statistically significant. (C) Levels of luciferase induced by tAAV-CKMs.
The mouse quadriceps muscle inoculated with the indicated rAAV was harvested at 4 weeks after injection. The luciferase activity
was measured in a similar manner. Bars indicate the average values. p < 0.05 (t-test) was considered statistically significant

luciferase levels induced by rAAV-EF-DHS and rAAV-EF-
cHS4 were 1000-fold and 100-fold higher, respectively,
than that induced by rAAV-EF-Stuffer,

The luciferase activity of the mouse muscle injected
with the rAAV-EFs of 1x 10° genome copies was
measured at 4, 12, and 24 weeks after injection
(Figure 3B). The expression of luciferase continued for
at least 24 weeks and the levels were maintained.

Figure 3C shows luciferase activities induced by rAAV-
CKMs in mice. The mouse muscle was injected with one
of rAAV-CKMs (1 x 10° genome copies) and luciferase
activity was measured at 4 weeks after injection. The
average of luciferase levels induced by rAAV-CKM-DHS
was 100-fold higher than that induced by rAAV-CKM-
Stuffer, indicating that DHS enhanced the transgene
expression from CKM, similar to the expression from
EF, in the mouse muscle.

The insulators did not affect transgene expression
from CMV in the mouse muscle. The mouse muscle
was injected with one of rAAV-CMVs (1 x 109 genome

Copyright © 2009 John Wiley & Sons, Ltd.

copies) and luciferase activity was measured at 4 weeks
after injection. The luciferase level induced by rAAV-
CMVs with insulator was similar to that by rAAV-CMV-
Stuffer (Figure 4A). Similarly, the insulators did not affect
transgene expression in the mouse muscle from the
human ubiquitin C promoter, from which luciferase was
induced to a level comparable to that from CMV (data not
shown).

The luciferase activity of the muscle injected with rAAV-
CMV/E(—)-DHS was slightly higher compared to muscle
injected with rAAV-CMV/E(-)-Stuffer (Figure 4B).

To examine the transduction of tissues other than
the muscle, rAAV-EFs or TAAV-CKMs (1 x 10° genome
copies/250 pl of PBS) was injected to each mouse (five
mice for each rAAV) through the tail vain. Because the
previous study indicated that rAAVs injected through the
tail vain are present mainly in the liver and spleen [24],
the entire liver and spleen were harvested 4 weeks later
and processed as performed for the quadriceps muscle.
A low level of luciferase activity was detected only for

J Gene Med 2009; 11: 598-604.
DOL 10.1002/jgm



Transgene expression by rAAV with insulator

A B
{RLU) (RLL)
108+ ‘: v;ggks 101} 4 weeks
107 $ JXIUTge 103 1x10% gc
108 & ra -5 &
. 102 = ’
105 10t
104
103 o = o
° o
1 9] O
e 1 8 %
REN 2 3
g 2 2 2 g @
@ 9 9 >
= 5 g °
Q &

Figure 4. Transduction of the mouse muscle with (A) rAAV-CMVs
and (B) rAAV-CMV/E(—) s. The mouse quadriceps muscle was
inoculated with the indicated rAAV and harvested at 4 weeks
after inoculation. The muscle was minced and lysed, and mea-
sured for luciferase activity. Bars indicate the average values

the liver of the mice injected with rAAV-EE-DHS {data
not shown), suggesting that rAAV-EF-DHS transduced the
liver more efficiently than the other rAAVs did.

Copy number of vector genome
in the mouse muscle

The insulators did not affect copy number of the vector
genome in the muscle. The rAAV-EFs (1 x 101° genome
copies) were injected to the quadriceps muscle in a
similar manner and total DNA was extracted from the
muscle at 4 weeks after injection. The level of the vector
genome was measured by TagMan PCR. Table 1 shows
the calculated copy number of vector genome per nucleus.
There was no significant difference between rAAV-EFs
with the insulator and rAAV-EF-Stuffer, The data indicate
that the enhanced luciferase activity of the muscle injected
with rAAV-EF-DHS or rAAV-EF-cHS4 was not caused by a
marked increase in the copy number of vector genome.

Effect of direction and location of DHS
on the transduction enhancement

To determine whether or not the direction and location of
DHS influence the DHS-mediated transduction enhance-
ment, we constructed rAAV-EF-DHSs having DHS in the

opposite direction or downstream of the luciferase gene .

and examined them for their transduction ability of mouse

Table 1. Copy number of vector genome in the mouse muscle

rAAY injected  Copy number of vector genome/nucleus Average SD

TAAV-EF-Stuffer 1.03, 0.76, 0.88, 0.49, 0,58 075 0.22
rAAV-EF-DHS 1.00, 1.16, 0.41, 2.65, 0.34 111 0.93
rAAV-EF-cHS4 2.39,1.03,7.28, 2.42, 0.84 2.79 262
rAAV-EF-Ars 1.75,0.74, 0.87, 0.79, 0.22 0.87 0.55
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Figure 5. Transduction of the mouse muscle with rAAV-EFs
having DHS in the opposite direction and downstream of
the transgene. (A) Schematic representation of the various
rAAV-EF-DHS genomes. ITR, inverted terminal repeat; rDHS,
opposite direction to the transcription of the luciferase gene;
hGH/pA, poly A site of human growth hormone gene; 3'DHS
and 3'tDHS, DHS inserted downstream of the luciferase gene,
(B) Levels of luciferase induced by the rAAV-EFs having DHS in
the opposite direction and downstream of the transgene. The
mouse quadriceps muscle was inoculated with the indicated
rAAV and harvested at 4 weeks after inoculation. The muscle
was minced and lysed, and measured for luciferase activity. Bars
indicate the average values. p < 0.05 (t-test) was considered
statistically significant

muscle. Figure SA shows the structure of their vector
genomes. The pAAV-EF1-Luc having DHS in the opposite
direction was selected to produce rAAV-EF-rDHS. DHS
was amplified by PCR with primers with an Rsr1l site and
inserted into the Rsril site (between polyA signal and ITR)
of pAAV-EF1-Luc to produce vector genomes for rAAV-EP-
3’DHS and rAAV-EF-3'rDHS. These rAAVs were injected
to the muscle in a similar manner, and luciferase activity
of the muscle was measured 4 weeks later (Figure 5B).
The luciferase activities induced by rAAV-EF-rDHS, rAAV-
EF-3’DHS, and rAAV-EF-3'rDHS were comparable to
that induced by rAAV-EF-DHS, indicating that the DHS-
mediated enhancement does not depend on the direction
or location of DHS in the AAV vector genome.

Discussion
In the present study, we newly constructed the rAAVs
with selected insulators and examined their capability

of transducing C2C12 cells and the mouse quadriceps
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muscles. DHS and cHS4 raised the levels of transgene
expression from EF by two- to three-fold in C2C12 cells
and by 1000- and 100-fold, respectively, in the muscles.
DHS also raised the levels of transgene expression from
CKM by 100-fold in the muscles. Because the copy
numbers of the vector genomes carrying the insulators in
the mouse muscles were similar to those of the insulator-
less genome, it is likely that the insulators enhanced the
transcription from EF and CKM.

DHS did not enhance expression from CMV (one of the
most efficient promoter/enhancer found so far) and the
human ubiquitin C promoter. The data obtained suggest
that DHS did not raise the presumed maximum level
of transcription. Most likely, DHS enhances transcription
from relatively less efficient promoters, EF and CKM.
The transcriptional enhancing function of DHS, a 352 bp
fragment, is likely to be useful for rAAV construction
with a less efficient tissue specific promoter, such
as CKM.

The molecular mechanism of the enhancement is
not clear at present. Because previous studies clearly
showed that the great majority of rAAV genomes are
maintained as extrachromosomal concatemers of circular
double-sranded DNA [5-7], DHS and cHS4 likely
enhanced transcription of the transgene that was not
integrated in cellular DNA. Although, in cellular DNA,
the insulator sequences directionally act as boundaries
to the surrounding heterochromatin that silences the
genes located within [26], those in circular DNA
(along with protein factors attached to DNA) may
influence the entire chromatin structure of episomes, A
possible structural change of the chromatin may account
for the findings indicating that the insulator-mediated
enhancement was independent of the direction and
location of DHS in the AAV vector genome (Figure 5B).
DHS inserted into the CMV/E(-) did not compensate
the CMV enhancer, suggesting that the enhancing
mechanism may be different from that of the classical
enhancers. Further studies are required to determine how
DHS enhances the transcription from the less efficient
promoters,
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