Table 3. Late genitourinary and gastrointestinal toxicities

Grade
0 1 2
Genitourinary 25 2 3
Frequency/furgency 28 0 2
Urinary retention 30 0 0
Painful urination 29 1 0
Hematuria 28 1 1
Gastrointestinal |19 8 3
Proctitis 27 3 0
Rectal bleeding 20 7 3
Proctalgia 30 0 0
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Figure 3. PSA-failure free survival for all patients.

control rate was obtained as the radiation dose to the prostate
increased to »>70 Gy. Regarding toxicity it was also reported
that serfous complications drastically increased when using
doses >70 Gy, if the conventional radiation technique was
used (3,4). As computed radiography and radiotherapy devices
developed, more precise radiotherapy techniques were put into
clinical use, such as 3D-CRT, IMRT, particle therapy and
brachytherapy. These techniques can allow good target dose
coverage with a minimal dose to the surrounding normal tissue
when performing high-dose radiotherapy for prostate cancer.

Many institutions have tried to conduct high-dose external
beam radiotherapy with >70 Gy for prostatz cancer using
3D-CRT or IMRT (5-8). They reported satisfactory clinical
outcomes of high-dose radiotherapy for prostate cancer,
including both efficacies and morbidities, but these single
institutional data cannot confirm the usefulness of high-dose
radiotherapy as a standard treatment for prostate cancer. To
evaluate the safety and to determine the recommendable dose

" of high-dose radiotherapy, RTOG started to conduct a dose

escalation study (RTOG 9406) using 3D-CRT (9-11). The
patient accrual has finished and the safety of high-dose 3D-
CRT will be confirmed. There are several large series treating
patients with localized prostate cancer by using permanent
implant brachytherapy with or without external beam
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radiotherapy for >10 years (14-16). To confirm these retro-
spective data, RTOG also started to conduct prospective stud-
ies of permanent implant brachytherapy with or without
external beam radiotherapy.

Until now, there have been two phase IlI studies with final
resulis, comparing high-dose with standard-dose radiotherapy
for prostate cancer. One was conducted by MGH using
proton boost therapy (24), and the other was conducted by
MD Anderson Cancer Center using 3D-CRT (25). In the
MGH trial, patients with T3-T4NX/NO-2Z prostate cancer
received 67.2 Gy by photon radiotherapy or 75.6 Gy by
photon/proton combined therapy. There was no significant
difference between the two groups in any survival outcome.
In the MD Anderson trial, 305 patients with T1-T3 prostate
cancer were randomized to receive a standard-dose of 70 Gy
or a high-dose of 78 Gy. The freedom from failure rate at
6 years in the high-dose group (74%) was significantly better
than that in the standard-dose group (64%). To assess the
efficacy of high-dose radiotherapy in a multi-institutional set-
ting, RTOG is now conducting a phase III study comparing a
high-dose of 82.28 Gy with a standard-dose of 72.93 Gy for
prostate Cancer.

Thus although there are many promising outcomes and wide
experiences of high-dose radiotherapy for prostate cancer, the
topic remains under investigation and the optimal dose for
each risk group has not been established.

PBT FOR PROSTATE CANCER
PBT for prostate cancer started at MGH in the 1970s (18). In

_ the phase III trial previously described, there was no signifi-

cant difference in survival outcomes between high-dose and
standard-dose groups (24). At LLUMC, >1200 patients with
prostate cancer were treated by PBT. They used photon radio-
therapy to the pelvis at 45 Gy followed by proton boost to the
prostate at 30 Gy for high-risk patients, and PBT alone with a
total dose of 74 Gy for low-risk patients. The overall 5 year and
8 year actuarial biochemical disease-free survival rates were
75 and 73%, respectively (26,27). MGH and LLUMC cooper-
atively completed the phase I trial using proton boost
therapy following photon radiotherapy, which randomized

-patients with early prostate cancer to receive a dose

of 70.2 or 79.2 Gy. They are now conducting another dose
escalation phase VI study using >80 Gy of PBT alone.

In Japan, PBT was first used at Tsukuba University in 1983.
They experienced PBT with 14 prostate cancer patients, but
the evaluation was performed retrospectively and this cannot
be considered as an establishment of policy for PBT for
prostate cancer in Japan. In NCCHE, PBT was applied to
clinical use in 1998, and the present study for prostate cancer
started in 2001. Owing to the small number of patients and
short duration of follow-up, the effectiveness of PBT for pro-
state cancer should not be assessed from the current study.
However, because no patient experienced any grade 3 or
greater toxicities, the feasibility of the proton boost therapy
following photon radiotherapy was confirmed.
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DOSE DISTRIBUTION AND TOXICITIES

We analysed the rectal DVHs using the current study cohort.
The rectal DVHs in the photon/proton combined therapy (the
current study) were compared with those produced by planning
:n PBT alone. Figure 4 shows the apparent advantage of the
rectal DVHs using PBT alone compared with those using
photon/proton combined treatment (28). In that study, the rec-
tal DVH using PBT alone was much superior to the DVH
constraints of 3D-CRT and just comparable to those of
IMRT introduced by other institutions and clinical trials.
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Figure 4. Comparison of average rectal DVHs between photon/proton
combined therapy and proten therapy alone.

Tahle 4. Comparison of late gastrointestinal toxicities between other reports

Comparison of late GI toxicities between other series of
external radiation therapy is shown in Table 4. The frequency
of late grades 2 and 3 GI toxicities in RTOG 9406 (11) was less
than that of other reports, but this was probably owing to the
lower total doses with a smaller fraction size of 1.8 Gy rather
than 2.0 Gy. LLUMC reported 21% late grade 2 GI toxicities in
patients who received photon/proton combined therapy or PBT
alone (27). Because they considered isolated rectal bleeding
(grade 1) and transfusion (grade 3) as grade 2, the true fre-
quency of late grade 2 GI toxicities was supposed to be <21%.
Table 4 shows that the frequency of grades 1 and 2 late rectal
toxicities in the current study was comparable to that of other
reports using high-dose external beam radiotherapy.

As the RTOG 9406 study reported, severe late toxicities
(grade 3) significantly decreased using 3D-CRT compared
with those observed in historical studies using conventional
radiotherapy. However, moderate late toxicities (grade 1/2)
were unexpectedly increased by high-dose radiotherapy
using 3D-CRT (11). Grades 1 and 2 toxicities are not severe
but have 2 significant impact on a patients’ quality of life, so it
becomes a matter of great importance how we can reduce
both severe and moderate late toxicities. As shown in Table 4,
Memorial Sloan Kettering Cancer Center reported reduced
actuarial incidences of moderate toxicities (grade 2) by
using IMRT, even with a higher dose level (6). As described
above, because PBT alone can produce rectal DVH just as well
as IMRT, it is expected that not only grade 3 but grade 1/2
toxicities can be reduced by using PBT alone, at least to the
same extent as when using IMRT. And the discussion thus far
about rectal toxicities can also be applied to GU and other
toxicities.

Institution/study (reference no.) Dose (Gy) Radiation Grade Years
technique
1 2 3
MSKCC phase V11 (5,6) 64.8-81 3D-CRT 16% 10% " 1% 5
75.6-81 3D-CRT - 14% - 3
81 3D-CRT - 12% 2% 3
81 IMRT - 2% 0.5% 3
MDACC phase III (8) 78 3D-CRT 28% 19% 1% 6
" 23% (srade 243) 2
70 D-CRT 36% 11% 1% &
129 (grade 2/3) 2
RTOG 94-06 (9,10) 68.4 ID-CRT - 9% {arade 2/3) 3.1
73.8 3D-CRT - 9% (grade 2/3) 22
79.2 3D-CRT 4% 8% (grade 2/3) 3.1-3.6
LLUMC (27) 74-75 Photon/proton and - : 21% - 3
proton alene
The current study 76 Photon/proton 7% 10% 0% 2.5

MSKCC, Memorial Sloan Kettering Cancer Center;

University Medical Center.

MDACC, MD Anderson Cancer Center; RTOG, Radiation Therapy Oncology Group; LLUMC, Loma Linda



COMPARISON WITH IMRT

By using IMRT, multiple portals of photon beams three-
dimensionally expose a large,volume of the surrounding nor-
mal tissues to low radiation doses. In contrast, PBT alone
can generate sufficient dose coverage to the prostate by lateral
opposed portals with no radiation exposure to the ventral and
dorsal portion of the body (Fig. 1b). Discussed from such a
viewpoint as difference in physical characteristics between
photon and proton beams, it is suggested that PBT alone
can further reduce the toxicity compared with IMRT. Because
of using just lateral opposed portals, the conformity of the
prescribed dose to the target volume by PBT is poorer than
that by IMRT, but intensity-modulated proton therapy which
is now developing for clinical application will improve the
conformity of the current PBT and realize more ideal dose
painting in the target volume in the future (29).

Regarding the risk of second malignancy as long-term
sequelae, Brenner et al. (30) reported interesting data from
the Surveillance, Epidemiology and End Results (SEER)
Program cancer registry (1973-93). Radiotherapy for prostate
cancer was associated with a small but statistically significant
increase in the risk of second solid tumeors, particularly for
long-term survivors, relative to treatment with surgery. By
sparing the large volume of the swrrounding normal
tissues from exposure of low radiation doses, it is expected
that using PBT to treat prostate cancer can decrease the
risk of radiation-related second malignancy. Diagnosis at
younger ages and earlier stages is resulting in longer survival
times for patients with prostate cancer,”and radiation-related
second malignancy risk becormnes a more significant issue in the
future,

FUTURE DIRECTIONS

Although MGH and LLUMC have large experiences using
PBT, the data of retrospective analysis and combination with
photon therapy were included. A multi-institutional prospect-
ive clinical trial can further confirm the efficacy and safety of
proton therapy. As discussed above, because the dose distri-
bution generated by PBT alone is superior to that by photon/
proton combined treatment (the current study), the feasibility
of the current study should warrant the safety of PBT alone for
prostate cancer with the same total dose. There are now five
institations with proton facilities in Japan, and we are conduct-
ing a multi-institutional phase I trial in which we treat low-
and intermediate-risk prostate cancer by PBT alone with a total
dose of 74 Gyg. The primary endpoint is the incidence of grade
2 rectal bleeding at 2 years. This study will certainly confism
the clinical advantage of PBT for prostate cancer.
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Abstract

In proton radiotherapy with high focusing of irradiation on the tumour, it is
important to obtain treatment beams with a highly uniform dose distribution.
Uniform dose distribution in the clinical irradiation field can be obtained by
the dual-ring double scattering method. This method is superior to the wobbler
method, which uses electromagnetic deflection of the proton beams, because
of the absence of the temporal structure of irradiation distribution. However, in
the dual-ring double scattering method the condition of incident proton beams
entering the scatter, especially the accuracy of the position of the incident
proton beams with respect to the scatter, markedly affects the uniformity of the
beam distribution in the irradiation field. In this study, to ensure the uniformity
of dose distribution during treatment, we developed a control system equipped
with an automatic fine adjustment of the beam axis and a mechanism for moving
the second dual-ring scatter of the double scatters to the optimal position.
Using this system, we. achieved uniform dose distribution in the irradiation
field during proton radiotherapy, with symmetry within £1% and flatness
within 2%.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, radiotherapy using heavy-charged parsticle beams, such as proton beams and carbon
beams, has been spreading throughout Japan and the world (PTCOG Newsletter 2004). Since
heavy-charged particles have a charge, the beams are deflected in electromagnetic fields, and

0031-9155/06/051249+12$30.00 © 2006 IOP Publishing Ltd  Printed in the UK 1249
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multiple scattering and energy loss due to the Coulomb force occur when passing through
substances. These properties are utilized for the formation of the irradiation field used for
radiotherapy. In an irradiation field, uniformity of depth—dose distribution is formed by the
bar-ridge filter or range modulator using energy loss resulting from the passing of particles
through substances. The dual-ring double scattering method or wobbler method is used
for a uniformly lateral dose distribution (Chu et al 1993, Graffman et al 1973, Koehler
et al 1977).

In the proton radiotherapy facility of the National Cancer Center, Kashiwa, there are srnall-
size normal conduction AVF cyclotron (C235) for medical purposes, two rotating gantry ports
and one horizontal fixed port (Nishio 1999, Tachikawa ef al 1999). To obtain laterally uniform
irradiation fields, the dual-ring double scattering method is used in one rotating gantry port
and the horizontal fixed port, and the wobbler method is used in the other rotating port.

To achieve uniform dose distribution in the irradiation field, the dual-ring double-scattering
method requires much stricter initial conditions of incident beams entering the irradiation
apparatus than the wobbler method (Takada 1994, 2002). If a rotating gantry is equipped,
vertical sag due to the weight of the gantry affects the accuracy of the positions of each
device. To achieve uniform dose distribution in the irradiation field and high reproducibility
of the initial condition of beams, we developed a control system equipped with a mechanism
for automatic fine adjustment of the beam incidence position and movement of the second
dual-ring scatter to the optimal position.

2. Material and method

2.1. Apparatus for the formation of the irradiation field

The dual-ring double-scattering method consists of a profile monitor, a dual-ring double-
scattering system, ring collimator (RC), ridge filter (RF), fine degrader (FD), dose monitor,
flatness monitor, block collimator (BC), patient bolus (PB) and patient collimator (PC)
(figure 1). Spread-out Bragg peak (SOBP) for the uniform dose distribution in the depth
direction, which is produced by the aluminium wedge-shaped RE, can be selected from
8 grades between 30 mm and 100 mm in 10 mm steps for treatment. The FD is for the
fine adjustment of the range to the target in the patient’s body, the dose monitor is for the
determination of the irradiation absolute dose, the flatness monitor is for the confirmation
of the dose uniformity during irradiation of treatment beams, and the patient bolus and
collimator are used for the shaping of beams based on the tumour size and form in each
patient. Parameters for the formation of the individual irradiation field, SOBP, FD thickness,
dose monitor value and patient bolus/collimator are determined for each patient and irradiation
field.

The dual-ring double-scattering system of our centre is equipped with a uniform scatter
made of Pb (first scatter) with variable thickness on the beam upstream side and another
scatter with a dual-ring structure, the inner ring of which is made of Pb, and the outer one of
Al (second scatter) on the beam downstream side. The thickness of the first scatter and the
shape of the second scatter are determined by the energy of the proton beams. The second
scatter can be moved three-dimensionally from 0 mm to 10 mm on the X- and ¥-axis with the
standard position, X, ¥ = 5 mm, and —100 mm to 4100 mm on the Z-axis by remote control
(see the dashed frame of figure 1). The maximum size of the irradiation field provided by the
dual-ring double-scattering systems in the rotating gantry port is 200 mm ¢.

The profile monitor consists of § air jonization dosimeters in the shape of a fan with 1/8
circle and is used for the observation of incidence proton beam axis and shape. The flatness
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Figure 2. Hlustration of the profile and flatness moniters.

monitor for the observation of uniformity of lateral dose distribution has a two-layer structure,
with one layer consisting of 8 fan-shaped air ionization dosimeters (same shape as the profile
monitor) and the other being 8 concentric air ionization dosimeters. The detailed shapes of
the profile and flatness monitors are illustrated in figure 2. Profile monitor indication (PMI)
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and flatness monitor indication (FMI) are defined as

8
M(If tx,Y) = Z(mf)i (i, p) =

i=1

{Zi‘:l(mm X
Z?__.l (mgdi- v

Iy : -
o {?1&121? ';; , |7 =1 (8 fan shape), (1)
( 8 . ZS_H (My); - x;
1:71\/‘[‘1(1 Cx,y) = (M)--R-(x-,y-):{ j=I itx;
f ; Flp T8\ 0 Z?:l(Mf)j')’j
- {iﬁgﬁ ’)‘3 || = 1 (8 fan shape), @)
8
\ (Mc)k l .
FMI(I) = -1 8 hape).
| (1) g AN (8 concentric shape)

Here, i, j and k denote identification of 8 fan and concentric separated areas, respectively. m r,
M and M, are output signals from each separated area. In the profile monitor, the centre and
symmetry are indicated by the length of the thick vector, PMI(I : x, y) and the shape formed
with 8 thin vectors, (m); - rj, shown in figure 2. The beam approaches a centre position of
the profile monitor as the length of the thick vector shortens. Similarly, in the flatness monitor,
the symmetry and flatness of the dose profile are indicated by the length of the thick vector,
FMI(Jy : x, ), and the value of FMI{I.).

2.2. Measurement of relationship between the incident beam conditions and
uniformity of the dose distribution

The dose distribution optimized in an irradiation field of 200 mm ¢ by the dual-ring double-
scattering method is formed by the following equations (Takada 2002):

F(r) = finner () + Souter(7),
20
Fiuner () = 1.80 x 107° - exp(—8.90 x 107> - r%) f J - exp(—1.89 x 107* - &%)
0

X U exp(1.78 x 107* .7 -k - cos G)dé?] dk, @)
0

o0
Fonter(r) = 1.06 x 1078 -exp(—5.22 x 107*- 7% | k- exp(—6.22 X 1074 - k%)
20

o
x U exp(1.04 x 1073 -7 - k - cos ) de] dk.
¢

Here, fimerr) and fouer) denote the dose distribution components by the inner and outer
rings of the second scatter, respectively, and r denotes the distance from the centre of the
beam axis. Table 1 shows the conditions of the first and second scatters at each beam energy
of 150 MeV, 190 MeV and 235 MeV. To obtain a dose distribution with a high degree of
uniformity in the irradiation field, stability of the beam incidence position at the dual-ring
scatter is very important.

The depth and lateral dose distribution for beam energies of 150, 190, 235 MeV, each
SOBP, and FD in the field size of 200 mm are measured by changing the incident beam
condition in the irradiation equipment. The measurement of the dose distribution is performed
using a three-dimensional (3D) water phantom and an jonization chamber with a sensitive
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Figure 3. Picture of 3D water phantom.

Table 1. Thickness and characteristics of the first and second scaiters.

Energy First scatter (Pb) Inside second scatter Inside second scatter Outside second scatter
(MeV) thickness (mm) (Pb) thickness (imm) (Pb) diameter (mm) (Al thickness (imm)

150 1.5 2.952 27.48 7.997
160 23 4.038 25.58 11.087
235 33 5.314 24,00 14,760

volume of 75 ul (figure 3). The 3D water phantom can rotate together with a nozzle of the
rotating gantry. The depth and lateral dose distribution are measured by 1 mm and 2 mm
step 571, respectively.

The uniformity of the measured lateral dose distribution was evaluated using parameters
defined by the following symmetry and flatness (IEC 1989):

Ay —A_
Symmetry : Spwpm [] = = T % 100,
Uniformity Art A @
niformity =
Dmax - Dmin
Flatness : Fp gxpwnm [%] = ———— x 100.
Dmax + Dmin

The symmetry is expressed as the difference between the area on the ‘+’ side of the lateral
position (A,) and the area on the ‘—’ side of the lateral position (A_) within an area of full-width
at half-maximum (FWHM). The flatness is expressed as the difference between the maximal
radiation dose (D) and the minimal radiation dose (Dg;,) within an area of 80% FWHM.
The IEC (1989) report recommends symmetry of less than £2% and flatness of less than 5%.
However, the symmetry and flatness for proton radiotherapy are not regulated. In this study,
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Figure 4. Depth and X-axis lateral dose distributions measured at m(l rix,y) = (FMIf 1 x),
0) with FMI(J,) # 0 under the conditions of 150 MeV/SOBP 50 mm/Gantry = 0°.

we used symmetry of less than £1% and flatness of less than 2.5% for the evaluation of proton
radiotherapy.

3. Results and discussions

3.1. Correlation between the flatness monitor indication and uniformity of the dose
distribution

The uniformity of the dose distribution in proton radiotherapy is observed using a flatness
monitor. Figure 4 shows the depth and lateral dose distribution on the central axis of an
SOBP measured at FMI(/; : x,) = (=1.14,0) < (+1.51,0) and EMI(Z;) ~ O under
the conditions of 150 MeV/SOBP 50 mm/Gantry = 0°. Figure 5 shows the symmetry and
fAatness of the lateral dose distribution measured at the flatness monitor indications under the
conditions of 150 MeV/SOBP 50 mm/Gantry = 0°, 190 MeV/SOBP 80 mm/Gantry = 0°
and 235 MeV/SOBP 80 mm/Ganiry = 0°. These findings indicated that the uniformity
of the dose distribution decreased by changing the F—I\TI(I s ¢ x,y) from the standard:
FMI(I; : x, y) ~ (0, 0) and FMI(L) ~ 0.

To satisfy a symmetry of less than +1% and flatness of less than 2.5% in the dose
distribution for proton radiotherapy, the FMI(Iy : x) and FMI(Jf : y) must be within £:0.03,
respectively. Since no differences in the shape of the depth--dose distribution under different
bearn conditions were observed, it was not discussed in this study.
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3.2. Correlation between the profile monitor indication and the uniformity of the dose
distribution with changes in the second scatter position

Figure 6 shows the uniformity of the dose distribution by mechanically moving the second
scatter in 0.4 mm steps from the scatter position (—6 mm) with the initial beam condition for
the uniform dose profile: M(I ¢ x,y) = (0,0) and FMI(J.) ~ 0. Only the second scatter
was moved in the constant beam condition (IWI(I £ 1x,y) # (0,0)). The movement value of
the second scatter corresponded to the difference between the positions of the second scatter
centre and the large Gaussian beam centre passing through the first scatter by the principle
of the dual-ring double-scattering method. The uniformity of the dose distribution for proton
radiotherapy is satisfied when the difference is less than 1 mm between the positions of the
second scatter centre and the beam cenire axis.

3.3. Correlation between the second scatter position and the profile monitor indication

The top graph of figure 7 shows the correlation between the incidence position of the beam
observed by the profile monitor and the second scatter position. The second scatter was moved
in a plane perpendicular to the beam axis so that the WI(I 71 x,y) = (0, 0) to the incidence
beams. In the range of im(f x| £ (1.0, 1.0), there was a linear correlation between
the positions of the second scatter and incidence beams.

The middle and bottom graphs show the symmetry and flatness of the dose distribution
with the second scatter position evaluated using equation (3). The results shown in figure 7
indicated that the flatness of the dose distribution required the |WT(I Fix, Yl < (0.5,0.5)
and the second scatter position of 3—7 mm. The changes in the symmetry and flatness of
the dose distribution caused by moving the second scatter were slower than those shown in
figure 6. The beam cenire always matches with the second scatter centre by movement
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Gantry = 0°, and 235 MeV/SOBP 80 mm/Gantry = 0°,

of the second scatter position with ?WI(I Folxy) = (0, 0) in figure 7, but not with
FWI(I F i x,y) # (0,0) in figure 6. This indicated that the relationship of the relative
position between the second scatter centre and beam axis centre was very important, In the
stability of the beam from the proton accelerator, C235, since the irradiated beam conditions
were not changed by |1'~“W1>I(I fox, ) > (0.03, 0.03) during beam irradiation within about

10 min, the FTﬁ(I 7 x,y) always indicated a level close to zero during the proton treatment.

3.4. Control method for highly accurate uniformity of the dose distribution
during proton treatment

To obtain nniformity of the dose distribution in the irradiation field by the dual-ring double-
scattering method, the incident beam must satisfy strict conditions. If the central axis of beams
moves more than 1 mm from the centre of the second scatter, the uniformity of the irradiation
field becomes lower than the clinically useful level. The central axis of beams must be within
the circle with a radius of 1 mm from the centre of the second scatter. In our institution,
since changes in the beam axis during proton irradiation of less than 1 min for treatment are
very small, there are no problems in maintaining uniformity of the dose distribution in the
irradiation field if the central axis of beams is adjusted to agree with the centre of the second
scatter before each irradiation. However, daily or long-term changes in the beams are larger
than the accuracy required for the treatment, affecting the uniformity of the dose distribution.

To obtain highly accurate uniformity of the dose distribution in the irradiation field during
proton radiotherapy, we developed a control system, consisting of functions for automatic
fine adjustment of the central axis of beams and for placing the centre of the second scatter
on the central axis of beams by moving the scatter mechanically. The central axis of beams
is adjusted from the side closer to the beam source, brought about by a combination of the
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accuracy.

beam profile monitor (BPM) fixed on the beam transport system of the rotating gantry and the
steering electromagnet. The centre of the second scatter is adjusted to agree with the central
axis of the incident beam by the profile and flatness monitors built into the irradiation apparatus
(figure 8). After positioning the patient for treatment, the adjustment is performed by delivering
pulsed proton beams to the patient with the settings for the treatment conditions prescribed for
the patient, which is completed by an irradiation of less than 1% of the administration dose.
Figure 9 shows the flowchart of the control procedures.

3.5. Results of the dose distribution uniformity by beams used in proton treatment

Figure 10 shows the characteristics of the correlation between the profile monitor indication
and the centre of the second scatter under different conditions of proton irradiation after confrol
of the dose distribution at high accuracy. In the figures obtained at the proton beam energies
of 150 MeV, 190 MeV and 235 MeV, the symbols indicate all data for the condition of the
SOBP width, the thickness of FD, the field size and the angle of the rotating gantry used in
clinical treatment.

Taking the characteristics shown in figure 7 into consideration, the uniformity of the
proton dose distribution in the irradiation field during treatment was at a level indicated by a
symmetry of less than +1% and flatness of less than 2%.



Development of a simple control system for uniform proton dose distribution 1259

1.5 F T i l. I i R

150-MeV Proton

O Xaxis, X Ymis

L 8 1 ) s,

PMIfax.y)

10k _|
TS5 ] T | T |

190-MeV Proton

O HMonvis, X Y awis

PMI(x.1)

-1.0 - -1

1.5F T 1 1 [

1.0 .
C Xuvn X Yaue

0.5+

PMI(laxy)

| | I I 1 1 !
3 4 5 & 7 8 ]
2nd Seatter Position on X, Y axcs [mun]

Figure 10. Characteristics of the correlation between the PMI(/ £ 1 x, ) and the cenire of the
second scatter after control of the dose distribution at high accuracy under different conditions of
proten irradiation used in clinical treatment.

4. Conclusions

It is very difficult to obtain uniformity of the dose distribution in the irradiation field
during proton radiotherapy by the dual-ring double-scattering method. Uniformity of the
dose distribution during treatment could be obtained at high accuracy by using the control
method that we developed. To adjust the central axis of beams to be within a circle with
a radius of 1 mm, a high performance electromagnet and its power source would be
required. Apparatus for proton radiotherapy with uniformity of the dose distribution at high
accuracy can be provided to facilities to be built in the future at low costs using this control
method.
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Abstraet

Mouse natural killer T cells with invariant Val4 rearrangement (Ve 14i NKT cells) can rapidly produce both Thl and Th2 cytokines and
regulate various immune responses, such as autoimmunity and tumor immunity, In this study, we describe the phenotypical and functional
characterization of in vitro-expanded mouse Ve 14i NKT cells from spleen using a combination of a-galactosylceramide (c-GalCer) and IL-2.
The expanded Va14i NKT cells retained the memory/activated (CD44*CD69*CD62L~) and CD4* or CD4~ 8~ double negative phenotypes
but medulated or lost the classical NKT cell marker, NK1.1. The expanded Val4i NKT cells continuously released IL-4 and IFNvy and
induced NK cell IFNvy production in vitro. Furthermore, the expanded Ve14i NKT cells migrated into the liver and spleen after adoptive
transfer into lymphopenic SCID mice, and they were able to rapidly produce IL-4 and IFNY after a-GalCer injection. Qur findings suggest
that the intrinsic characteristics of the cytokine secretion of Vee14i NKT cells were equivalent to that of in vitro-expanded Ve14i NKT cells.
In vitro-expanded Ve14i NKT cells are considered to be useful for NKT cell defect-related diseases, such as autoimmunity and cancer.

© 2005 Elsevier B.V. All rights reserved.

Keywords: CD1d; -Galactosylceramide; NKT cell; Cytokine

1. Introduction

Mouse natural killer T cells with an invariant Vel4-
Je18 TCR rearrangement (Val4i NKT cells) preferentially
associate with V[B8.2, VB7 or V32 TCR, recognize gly-
colipid antigens in the context of the non-classical MHC
class I molecule CD1d [1-3], and respond strongly to a syn-
thetic glycolipid, «-galactosylceramide (o-GalCer) [1-3].
The Vea14i NKT cells display a memory or activated pheno-
type (CD44ME"CD62L.~CD69%) and express NX cell mark-

* Corresponding authors. Tel.: +81 3 3547 5248; fax: +81 3 3542 1886.
E-muail addresses: yikarash@gan2.nee.go.jp (Y. Ikarashi),
hwakasug@gan2 nce.go.jp (H. Wakasugi).

0165-2478/% — see front matter © 20035 Elsevier B.V. All rights reserved.
doi:10.1016/.imlet.2005.05.007

ers, such as NK1.1{1-3]. A feature of Va14i NKT cells is the
rapid secretion of several immunoregulatory cytokines, such
as Thi cytokines (IFNvy) and Th2 cytokines (IL-4 and IL.-
10} [1-3]. Cytokine production by Valdi NKT cells plays
an important role in various immune responses, including
autoimmunity and fumor-immunity.

Val4i NKT cells have antitumor activities [4,5]. Vol4i
NKT cells exhibit direct cytotoxicity against various tumor
cell lines [6] and rapidly produce IFNw to induce NK cell acti-
vation [7,8]. Furthermore, the administration of ¢-GalCer, a
specific ligand for Vae14i NKT cells, prevents tumor metas-
tasis 19,101, and the antimetastatic activity of «-GalCer is
mediated by sequential production of IFNy by Vai4i NKT
cells and NK cells [11,12].
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In humans, NKT ceils with invariant Va24 chains paired
with VR11 chains (Va24i NKT cells) are the counterpart
to mouse Valdi NKT celis, and they also respond to o-
GalCer and rapidly secrete IFNvy and IL-4 [1-3]. Several
investigators have reported the robust expansion of human
Va24i NKT cells from peripheral blood mononuclear cells
(PBMCs) using «-GalCer plus a combination of cytokines,
such as JL-2, IL-7 and IL-15, in vitro [13-18]. a-GalCer-
loaded dendritic cells and IL.-2 also can induce the expansion
of Va24* NKT cells from PBMCs [15,18]. After culture with
a-GalCer and cytokines, the expanded human Va24i NKT
cells retain the ability to produce IFN+y and IL-4 [15,19],
and they exhibit cytotoxic activity against tumor cell lines
[20,211. Recent studies have revealed significant reductions
in numbers of Vu24i NKT cells and deficiencies in their
proliferative responses and IFNv production of Vo241 NKT
cells in some patients with advanced cancer [22,23]. There-
fore, adoptive transfer of in vitro-expanded Va24i NKT cells
is expected to induce antitumor activities in cancer patients
with reduced circulating Vo241 NKT cell numbers.

It has been reported that mouseValdi NKT cells also
respond to e-GalCer by proliferating in vitro [1-3]. However,
littfe is known regarding the function and phenotype of in
vitro-expanded Vo14i NKT cells because hitherto there was
no appropriate marker to identify these cells. In this study,
we used CD1d/a-GalCer tetramer to monitor Valdi NKT
cells. We demonstrate that splenic Va14i NKT cells can be
expanded up to 8-fold after 4 days of culture with a-GalCer
and IL-2. In vitro-expanded Ve 14i NKT cells migrate to the
liver and spleen of recipient mice and produce IFN- and IL-4
in vivo after administration of a-GalCer.

2. Material and methods
2.1, Mice

Female C57BL/6N mice, BALB/cAnN mice and C.B-
17/Ter SCID mice were purchased from Charles River Japan
Inc. (Kanagawa, Japan). All mice were used at 8-12 weeks of
age and maintained in our facilities. Animal stndies were per-
formed according to guidelines from the animal experimental
ethics committee.

2.2, Cell culture

Spleen, liver, thymus and bone marrow mononuclear
cells were prepared as previously described [24]. Mononu-
clear cells (1 x 10 cells/ml) were cultured in 7 ml of RPMI
1640 medium (Invitrogen Corp., Carlsbad, CA) supple-
mented with 3% fetal calf serum (JRH Biosciences, Lenexa,
KS), 5 x 10~ M 2-mercaptoethanol (Sigma—Aldrich, Saint
Louis, M0), 2mM vr-glutamine (Invitrogen), I mM sodium
pyruvate (Invitrogen), 0.1 mM non-essential amino acids
(Invitrogen), 100U/ml penicillin and 100 pg/ml strepto-
mycin (Invitrogen) in 25cm? culture flask (Greiner Bio-

One GmbH, Germany). a-GalCer (50 ng/mi; Pharmaceutical
Research Laboratory, Kirin Brewery, Gunma, Japan) and/or
recombinant human IL.-2 (100 IU/m!; Takeda Chemical Ind.
Lid., Osaka, Japan) were added to the culture. On day 4,
non- and semi-adherent cells were harvested, spun down and
resuspended in the medium. The cells (5 % 105 cells/ml) were
cultured in 7 ml of the medium in the presence of a-GalCer
and/or IL-2 for an additional 2 days.

2.3. Flow cytometry

The surface phenotype of cells was determined by multi-
color flow cytometry as previously described [24). Before
staining cells with mAb, cells were pre-incubated with anti-
CD16/32 (clone 2.4G2) to block non-specific FcRqy binding.
The following antibodies were used in this study: FITC-
or PE-conjugated anti-CD?3 (clone 145-2C11) or anti-CD24
(clone M1/69), PE-conjugated anti-NK1.1 (clone PK136),
anti-CD69 {clone H1.2F3), or anti-IL-2R{ (clone TM-P1),
and APC-conjugated mounse CD1d tetramers loaded with
o-GalCer (CD1d/a-GalCer tetramers). Stained cells were
analyzed using a FACSCalibur equipped with CELLQuest
software (BD Biosciences, San Jose, CA). Dead cells were
excluded by propidium iodide staining and electronic gating.
The data were processed with Flow Jo software (Tree Star,
San Carlos, CA). For intracellular staining, cells were stimu-
lated for 2 h with 25 ng/ml PMA and 1 pg/ml ionomycin. The
cells were then washed and incubated with anti-CD16/32,
stained with PE-conjugated a-GalCer/CD1d tetramers, per-
meabilized with Cytofix/Cytoperm (BD PharMingen), and
stained with APC-conjugated anti-IL-4 {clone 11B11), IFNvy
{clone XMG1.2), or rat IgG1 isotype control (clone R3-34},
The stained cells were analyzed using a FACSCalibur. All
mAbs were purchased from BD PharMingen. PE- or APC-
conjugated CD1d/x-GalCer tetramers were prepared in a
baculovirus expression system as previously described [25].
Mouse CD1d/B2-microglobulin expression vector was pro-
vided by Dr. M. Kronenberg (La Jolla Institute for Allergy
and Immunology, San Diego, CA).

2.4. Cytokine levels

Culture supernatants were collected following 1, 4, or 6
days of culture and stored at —20°C before analysis. IFNvy
and IL-4 concentrations in culture supernatants were deter-
mined by ELISA kits (OptBIA ELISA set; BD PharMingen).

2.5. Adoptive transfer of in vitro-expanded Voil4i NKT
cells

Spleen cells from BALB/cAnN mice were culture in the
presence of a-GalCer and IL-2 for 4 days. The cultured spleen
cells containing expanded Val4i NKT cells (2 x 107) were
transferred i.v. to C.B-17/cr SCID mice. The recipient mice
were killed on day 7 after cell transfer, and the percentage of
CD1d/a-GalCer tetramer? cells in the spleen and liver were
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determined by flow cytometry. The serum levels of IFNvy and
IL-4 in mice injected with cultured cells 7 days earlier were
analyzed at 0, 4, and 10h after i.p. injection of o-GalCer
(2 pg).

3. Results
3.1. Expansion of mouse Valdi NKT cells in vitro

Consistent with previous results [23,26], we observed that
1.2% of freshly isolated spleen cells comprised Val4i NKT
cells (Fig. 1A). When spleen cells were cultured in the pres-
ence of 50 ng/ml «-GalCer, the percentage and absolute num-
ber of Ve 14i NKT cells increased to 6.7% and 8-fold, respec-
tively, after 4 days culture (Fig. 1). «-GalCer-induced human
Va24tVE11* NKT cell expansion can be potentiated by IL-
2,IL-7,0r IL-15[13-18]. To examine whether IL-2 augments
mouse Va14i NKT cell expansion by a-GalCer, spleen cells
were cultured in the presence of a-GalCer and 100 U/ml IL-
2. Va14i NKT cells were more vigorously expanded when
cultured with ee-GalCer and IL-2 as compared with c-GalCer
alone. IL-15 also enhanced a-GalCer-induced Val4i NKT
cell expansion (data not shown). Va14i NKT cell expansion
peaked after 4 days of culture with «-GalCer alone, whereas
TL-2 prolonged Vo141 NKT cell expansion by a-GalCer past
4 days in culture (Fig. 1B). Furthermore, Va14i NKT cells
in thymus, liver, and bone marrow could be expanded in the

Fresh
o-GalCer

IL-2
+o-GGalCer

presence of a~GalCer and IL-2 (data not shown}. However,
Viee14i NKT cells were not expanded in the presence of IL-2
alone (Fig. 1). It should be noted that in vitro expansion of
Valdi NKT cells is dependent on o-GalCer.

NK.I1.1* T cells, which are classical NKT cells, increased
to around 5-fold after 4 days culture in the presence of
IL.-2 with or without a-GalCer (Fig. 1). Furthermore, they
increased to around 20-fold after 6 days culture. Like NK1.1*
T cells, NK cells expanded in the presence of IL-2. Thus, the
expansion of NK1.1* T cells and NK cells is dependent on
IL.-2 but not o-GalCer.

3.2. Phenotypes of in vitro-expanded Val4i NKT cells

Because the expansion of Ve 14i NKT cells and NK1.1* T
cells was dependent on o-GalCer and IL-2, respectively, we
next examined whether the Va14i NKT cells were identical
to NK1.17 NKT cells after culture with o-GalCer and IL-2.
Consistent with previous studies [25,26], half of NK1.1t T
cells were CD1d/a-GalCer tetramer™ cells and around 70%
of Va14i NKT cells expressed NK1.1 in the spleen (Fig. 2A).
However, after culture, almost all Veldi NKT cells lost
expression of NK1.1. Our results indicate that the expanded
Val4i NKT cells are distinct from the expanded NK1.1* T
cells following in vitro culture.

‘We analyzed the phenotype of the expanded Va14i NKT
cells as compared with fresh Vae14i NKT cells. As shown in
Fig. 2B, the expanded Va14i NKT cells maintained memory

After culiure

tetramer -

NKi.1 P

Voldi NKT cel
30

NK1.1*+T cell

NK cell A—L-2
+o-GalCer

——L-2

—&-—o-GalCer

Fig. 1. In vitro expansion of Val4i NKT cells. (A) C57BL/6 mice spleen cells (7 x 105} were cultured with 50 ng/ml a-GalCer, e-GalCer plus 100 Ufml IL-2,
or IL-2 for 4 days. The percentages of Vel4i NKT cells, NK cells, and NK1.1% T cells were determined. Fresh and cultured cells were stained with mAbs
and CD1d/a-GalCer tetramer and analyzed by flow cytometry. The fluorescence profiles are representative of at least five independent experiments. (B) The
fold increase in Vo141 NKT cells after culture with .- plus a-GalCer (A), IL-2 alone (), or a-GalCer alone (H) was calculated from cell counts and flow

cytometric data. Data are means obtained from three mice per point.
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Fig. 2. Phenotype of in vitro-expanded Vo14i NKT cells, (A) NKI.1 expression in in vitro-expanded Ver14i NKT cells was examined after 4 days culture.
Eresh and cultured cells were stained with CD1d/c-GalCer tetramer, anti-CD3, and anti-NK1.1 mAb. The cells were analyzed by flow cytometry and gated
on CD3-positive cells. The flucrescence profiles are representative of at least five independent experiments. (B) The surface marker expression of fresh and
expanded Valdi NKT cells was compared by flow cytometry, Histogram panels are gated on CD1d/a-GalCer tetramert CD3* cells. Shadow histograms
indicate non-stained controls. The Auorescence profiles are representative of at least three independent experiments.

or activated phenotypes (CD44hehCDE2L~ CD69Y) whereas
the expression of IL-2Rp was down-regulated. Similar to
fresh Valdi NKT cells, the expanded Valdi NKT cells
consisted of CDA™ and CD4~CD&™ double negative sub-
sets (Fig. 2B). In addition, some expanded Va14i NKT cells
maintained CD%4 expression and down-regulated NKG2D,
although some fresh Voe14i NKT cells express NK receptors,
such as CD%4 and NKG2D (data not shown). These results
indicate that expanded Vo 14i NKT cells maintain the mem-
ory or activated phenotypes but modulate the expression of
NK cell-related molecules.

3.3. Invitro-expanded Veel4i NKT cells retain the ability
to produce cytokines

It has been reported that «-GalCer induces rapid activation
of Val14i NKT cells and a burst of 1L-4 and IFNvy secretion
in vivo and in vitro [8-10]. Therefore, we examined the abil-
ity of expanded Ve14i NKT cells to secrete IL-4 and IFN'y.
First, we analyzed IL-4 and IFN+ levels in the supernatants of
spleen cells cultured with a-GalCer and/or IL-2 (Fig. 3A). We
detected a larger amount of IL.-4 and IFNv in the supernatant
when cultured in the presence of o-GalCer. Furthermore,
the addition of IL-2 to the culture with a-GalCer slightly
enhanced the production of IL-4 and IFNvy. No IL-4 and a
low amount of IPNvy were detected when spleen cells were
cultured with IL-2 alone.

Next, we used intracellular cytokine staining to determine
if expanded Va14i NKT cells directly secrete IL-4 and IFNvy
in vitro (Fig. 3B). IL-4 producing cells comprised mainly
expanded Val14i NKT cells. Seventy percent of expanded

Veal4i NKT cells contained intracellular IFNv. These results
suggest that expanded Ve 14i NKT cells retain the ability to
produce cytokines in vitro. In addition to expanded Va14i
NEKT cells, 70% of CD1d/x-GalCer tetramer™ T cells and
40% of CD1d/n-GalCer tetramer™ CD3™ cells were also
positive for intracellular IFN'y. The IFNvy producing CD1d/ct-
GalCer teframer— CD3™ cells were mainly NK cells but not
B cells (data not shown). It should be noted that NK cells
and some T cells acquired the ability to produce IFNvy when
cultured with e-GalCer and IL-2 but not IL-2 alone.

3.4, Invivo survival and cytokine production of
expanded Val4i NKT cells after adoptive transfer

We examined the ability of expanded Val4i NKT cells
to survive and migrate to peripheral tissues after adop-
tive transfer. Spleen cells cultured with o-GalCer and IL-2
were transferred into lymphopenic SCID mice. Seven days
after transfer, the mice were killed and the CD1d/a-GalCer
tetramer” cells in the liver and spleen were analyzed. As
shown in Fig. 4, around 7% of hepatic monenuclear cells
were CD1d/a-GalCer tetramer® T cells. The percentage of
CD1d/a-GalCer tetramer* cells in the spleen was equal to
that observed in normal mice (Figs. 1A and 4). Although
it has been known that Vel4i NXT cells are abundant in
bone marrow in normal mice, we observed very few CD1d/a-
(GalCer tetramer® cells in bone marrow (data not shown). The
expanded Veldi NKT cells were detected at least 3 weeks
after transfer (data not shown). There were no differences in
the phenotype of in vitro-expanded V141 NKT cells before
and after transfer into SCID mice. '





