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period between 3 weeks and 8 weeks post-irradiation
(Fig. 5B). At 8 weeks post-irradiation, the BMDM density in
the brain stem was 1.5 times and 3.3 times higher than that
observed in the basal ganglia and cerebral cortex, respectively.
There were statistically significant differences in BMDM
density between the brain stem or basal ganglia and cerebral
cortex at 8 weeks post-irradiation (Fig. 5B). Thus, following
cranial irradiation, BMDM were induced most densely in the
brain stem, followed by the basal ganglia and cerebral cortex
during our 8-week observation period.

DISCUSSION

Although hematopoietic progenitor cells differentiate into
microglia in the prenatal state [4], whether this occurs in the
adult brain remains an unanswered question.

Priller et al. investigated whether microglia originated
from hematopoietic cells during transient focal cerebral is-
chemia in mice that received transplantation of GFP-labeled
BM cells after sublethal irradiation [5]. They showed that
a massive infiltration of GFP-labeled round-shaped cells
occurred in the ischemic cortex, striatum and hippocampus
24 h after transient middle cerebral artery occlusion. Donor
BM-derived cells that had infiltrated the wounded paren-
chyma were shown to differentiate into Ibal-positive micro-
glia. The authors also evaluated CNS microglial engraftment
in a more selective lesion model, namely, transection of the
fimbria-fornix. They obtained essentially the same result
with this model [5]. These results reveal an enhanced micro-
glial engraftment following CNS injury, which likely sug-
gests mechanical destruction of the blood-brain barrier
(BBB) as a promoting factor for the migration of BM cells
into the brain. On the other hand, Priller et al. also applied
unilateral facial nerve axotomy, which leaves the BBB intact,
and ramified GFP-expressing cells were found to ensheath
the axotomized motoneurons in the facial nucleus [5]. Col-
lectively, they proposed that neurons might signal damage to
circulating cells via specific molecular mediators, such as
monocyte chemoattractant protein-1, as a mechanism by
which BMDM is induced in the brain.

Although there are several studies showing the presence of
BMDM in the adult brain [5, 6, 10, 11], it remains unclear
whether BM transplantation, irradiation or both induce
BMDM migration into the brain tissue because previous
studies used BM transplantation to selectively label BM cells
with GFP along with sublethal whole-body irradiation pre-
treatment. Sublethal whole body irradiation could cause in-
flammatory changes in many organs and tissues [12], leading
to the release of various cytokines [13, 14]. Cytokines may
subsequently affect the transplanted BM cells, potentially
contributing to the induction of BMDM in the brain.
Alternatively, allogeneic BM cells may trigger immune
responses in the brain tissue, where they, in turn, receive
signals driving their differentiation into BMDM [15, 16].
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Thus, it remains unsolved whether cranial irradiation alone
has the potential to induce BMDM in the brain.

In the present investigation, we addressed this question
using MSCV-GFP mice that selectively express GFP in BM
cells but not in the brain [8], with the exception of cerebellar
Purkinje cells [8]. This expression did not interfere with the
detection of BM-derived microglia. Therefore, the use of
MSCV-GFP mice allowed us to examine the influence of
cranial irradiation on BMDM induction without BM trans-
plantation. Our results showed that the cranial irradiation of
MSCV-GFP mice induced migration of endogenous
(GFP-labeled) BM cells into numerous regions in the brain
(in particular, the brain stem, basal ganglia, and cerebral
cortex). The migrated BM cells were immunolabeled for
Ibal, indicating that they were microglia in nature. BM cells
entered the brain presumably due to the destruction of the
BBB, and the BM cells differentiated into microglia, most
likely via molecular mediators produced following brain
injury. Although the mechanism of BMDM induction
remains unclear, the present study clearly shows that cranial
irradiation alone is sufficient to induce BMDM.

Burrell et al. studied the time-course of BMDM migration
in the brain tissue from 1 d to 3 weeks after cranial irradiation
in mice treated with both BM reconstitution and irradiation.
The authors found that the number of BMDM increased over
time until 3 weeks [6]. Our results showed that BMDM con-
tinued to increase in number up to 8 weeks post-irradiation,
and at this time, the BMDM density was significantly higher
than that observed at 3 weeks in the three brain regions
examined. In contrast, there was no statistically significant
difference in resident microglia density in the three brain
regions between 3 weeks and 8 weeks after cranial irradiation
(Fig. 5). These observations suggest that resident microglia
migrate to target sites within 3 weeks after irradiation,
whereas migration of BMDM to the brain tissue occurs con-
tinuously over a longer period. Priller’s previous study [5]
showed that migration of BMDM to the brain tissue contin-
ued to increase for up to 15 weeks. In this context, it is pos-
sible that resident microglia are induced into the injured sites
relatively quickly, and then BMDM migrate gradually to the
same sites over a longer time-span.

Regarding the relationship between apoptosis and recruit-
ment of BMDM, apoptosis is reported to be found with high
frequency 1 d after cranial irradiation in brain parenchyma, and
diminished in a time-dependent manner by 21 d after irradi-
ation [6]. We also examined apoptosis under our irradiation
condition and got basically the same result. Although there
were no cleaved caspase-3-positive cells in sections from non-
irradiated MSCV-GFP mice, the cleaved caspase-3-positive
cells were observed in sections from irradiated MSCV-GFP
mice at 3 weeks after cranial irradiation, thereafter these cells
almost disappeared at 8 weeks after cranial irradiation (data not
shown). Thus, the recruitment of BMDM seems to continue
after the disappearance of apoptotic cells.



Induction of BMDM in mouse brain tissue

Migration of BMDM may similarly be induced in human
patients following brain irradiation. Whether BMDM have
similar roles as resident microglia, and what the slower accu-
mulation time-course of BMDM compared with resident
microglia in the damaged areas means, are questions that
remain unsolved. Given that BMDM play roles similar to
those of resident microglia, BMDM could have significant
therapeutic potential in neuronal tissues damaged by neuro-
degenerative diseases or brain tumors [1-3]. Moreover,
cranial irradiation could induce other types of cells from
bone marrow including stromal cells. Further studies are
required to clarify mechanisms and the pathophysiological
significance of BMDM and other types of bone marrow-
derived cells in the irradiated brain.
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Abstract. Aim: To evaluate dosimetric differences between
carbon ion radiotherapy (C-ion RT) and stereotactic body
radiotherapy (SBRT) for stage I non-small cell lung cancer
(NSCLC). Patients and Methods: Thirteen stage I NSCLC cases
were planned with C-ion RT and SBRT. Prescription of the dose
and fractionation (fr) for stage IA and IB in C-ion RT were
52.8 Gy (RBE)/fr and 60.0 Gy (RBE)/4fr, respectively and
those in SBRT were 52.8 Gy/4fr and 60.0 Gy/4fr, respectively.
Results: The conformity index (CI) for planning target volume
of C-ion RT was significantly lower than that of SBRT. The
normal lung doses in C-ion RT were significantly lower those
that in SBRT. In particularly, for a larger tumor, C-ion RT was
lower CI and normal lung dose than SBRT. Conclusion: C-ion
RT has an advantage in both target conformity and sparing of
normal lung in stage I NSCLC.

The application of radiotherapy (RT) is based on the
fundamental principle of achieving precise dose localization in
the target lesion while causing minimal damage to surrounding
normal tissues. Particle therapy with carbon ions or protons as
well as stereotactic body radiation therapy (SBRT) appears to
be effective for patients with stage I non-small cell lung cancer
(NSCLC) (1-5). Particle therapy has a better dose distribution
compared to photons. The physical advantage of particle
therapy is that it can deliver similar or higher doses to the
taumor while reducing doses to the surrounding normal tissues.
This characteristic could prove beneficial in lung cancer
patients with compromised pulmonary function.
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Carbon ions and protons share the similar physical
property of having a Bragg peak. However, there are several
differences between them. For example, carbon ions show
less lateral scatter than protons and distal fall-off of protons
is steeper than that of carbon ions. In addition, a carbon-ion
beam has high linear energy transfer (LET). Low-LET
radiations such as photon and proton are less effective to
hypoxic tumor cells and differences in radiosensitivity
related to the cell cycle of tumor. In contrast, high-LET
radiations can be effective because of the reduction of the
oxygen enhancement ratio and differences in radiosensitivity
related to the cell cycle of tumor (6).

Several studies have demonstrated that proton therapy
(PT) was more advantageous than SBRT in reducing doses
to the lung and delivering similar or higher doses to planning
target volume (PTV) in treating stage I NSCLC (7-10). On
the other hand, there is no report addressing the dosimetric
comparisons between carbon ion radiotherapy (C-ion RT)
and SBRT. Therefore, the purpose of the present study was to
clarify the dosimetric differences between C-ion RT and
SBRT for stage I NSCLC patients.

Patients and Methods

Patients. Data from 13 stage I consecutive cases (7 cases of stage
TA and 6 cases of IB) of NSCLC were analyzed. All of them had
actually undergone photon radiation therapy at our hospital.

Treatment planning. Computed tomography (CT) images for actual
SBRT were used for this virtual plan study. CT scans were obtained
under normal quiet breathing with 1.25-2.50-mm thickness and
interval in supine position. The gross tumor volume (GTV) was
delineated on serial CT images. The clinical target volume (CTV)
was defined as the GTV with an 8-mm margin in all directions
within lung parenchyma. The PTV was defined as the CTV with a
2-mm margin in all directions. The dose prescription for stage 1A
and IB in C-ion RT were 52.8 Gy (RBE) and 60.0 Gy (RBE) in
4 fractions, respectively and those in SBRT were 52.8 Gy and
60.0 Gy in 4fractions, respectively. The unit about Gy (RBE) has
been described previously (11,12). The prescribed point was defined
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Figure 1. Scatter diagrams comparing PTV with CI for C-ion RT and
SBRT. PTV; Planning target volume, CI; conformity index, C-ion RI;
carbon ion radiotherapy, SBRT; stereotactic body radiotherapy.

in the center of the PTV. The same CT images and contours were
used for generating the C-ion RT and SBRT. All plans were
calculated with heterogeneity correction.

C-ion RT plans were designed using the XiO-N system
(ELEKTA, Stockholm, Kingdom of Sweden and Mitsubishi
Electric, Tokyo, Japan). The XiO-N system consists of XiO
(ELEKTA)-based platform, external dose engine, k2 Dose, and
connection and source data management tool (Mitsubishi Electric)
and provided information necessary for a ridge filter, a range shifter,
shapes of the multileaf collimator and a range compensator (RCs)
bolus. The leaf margin was normally adjusted to 5-6 mm on the iso-
center plane to cover the PTV with 95% of a prescribed dose. A
smearing margin to the RCs to smear out the dose was added. The
number of C-ion RT ports was determined to be 2 to 4 by
physician’s preference. The details of planning have been described
previously (13).

SBRT plans were designed using the XiO 4.30 (ELEKTA)
system. The shapes of beams were manually optimized using the
multileaf collimation with 6 to 8 non-coplanar 4 or 6 MV photon
beams. The individual ficld weights were also arranged in order to
cover the PTV at least 80 % of the prescribed dose and minimize
the organ at risk (OAR) dose.

The following dosimetric parameters were assessed; homogeneity
index (HI; maximum dose/minimum dose in target) and conformity
index (CI; volume receiving the minimum target dose/target volume)
for the PTV. Mean normal lung dose (MLD) and Vd were evaluated
by the dose-volume histogram of normal lung. Vd was defined as the
relative volumes of normal lung receiving more than a threshold dose
(d). For example, V20 meant the percentage of normal lung volume
irradiated to 20 Gy or more. The threshold dose employed were 5-60
Gy in increments of 5 Gy. Normal lung volume was defined as the
bilateral lung volume minus GTV. Maximum and mean doses to
spinal cord, esophagus, trachea and heart were also evaluated.

Statistical analysis. All dosimetric data were compared with a

paired two-tailed Student’s #-test. Statistical analyses were
performed using the StatView J-5.0 Japanese version software
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Figure 2. The relative volumes of normal lung receiving more than a
threshold dose. The differences between C-ion RT and SBRT increased
with decreasing received dose. Data are presented as the mean=SD.
#p<0.001, **p<0.005.

package (HULINKS, Inc. Tokyo, Japan). Differences with a p-value
of <0.05 were considered significant.

Results

The median of GTV was 21.0 cc with a range of 4.0-66.2
cc and that of PTV was 79.1 cc with a range of 37.7-185.8
cc. The CI for PTV of C-ion RT and SBRT were 1.73+0.19
and 2.24+0.32, respectively (p<0.01). Figure 1 shows scatter
diagrams comparing PTV with CI for C-ion RT and SBRT.
Larger differences in the CI were seen with smaller PTV
while C-ion RT was lower CI to larger PTV. The HI for
PTV of C-ion RT and SBRT were 1.27+0.10 and 1.30+0.08,
respectively (not significant). Figure 2 depicts relative
volumes of normal lung receiving more than the threshold
dose. V5 through V40 with increments of 5 Gy in C-ion RT
were significantly lower than that in SBRT. The MLD of C-
ion RT and SBRT were 2.86+1.22 Gy and 5.99+2.04 Gy,
respectively (p<0.001). Figures 3 shows scatter diagrams
comparing PTV with V5, V10, V15, V20 and MLD for C-
ion RT and SBRT. The Vd and MLD of C-ion RT were
lower than those of SBRT, although those for both C-ion RT
and SBRT increased with enlargement of PTV. The
outcomes for dosimetric parameters for normal tissues are
summarized in Table I. Except for the maximum dose for
the trachea, all parameters of C-ion RT were significantly
smaller than that of SBRT.

Figure 4 illustrates a representative case of stage IB. C-
ion RT showed that the 95% isodose line covered the PTV
while SBRT showed that the 80 to 90% isodose line
covered the PTV. Moreover the dose distribution outside
PTV of C-ion RT is steeper than that of SBRT. In C-ion RT
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Table 1. Summary of dosimetric parameters for normal tissues.

Maximum dose p-Value Mean dose p-Value
C-ion RT SBRT C-ion RT SBRT
(cGy (RBE)) (Gy) (cGyE (RBE)) (cGy)
Spinal cord 23x23 12.2+7.8 0.001 0.2+0.2 22+13 0.001
Esophagus 4.1£69 14.4x13.3 <0.01 0.2+0.1 3.1+£3.0 0.01
Trachea 19.5+24.0 21.2+22.8 NS 0.6+0.8 34435 <0.05
Heart 7.8+19.0 15.7£19.7 <0.05 0307 4.9+6.6 <0.05

C-ion RT: Carbon ion radiation therapy, SBRT: Stereotactic body radiotherapy. Meanzstandard deviation, RBE: relative biological effectiveness.

the 50% isodose line fits to PTV and the 20% isodose line
covers the half area of ipsilateral lung, while in SBRT the
50% isodose line covers the half of ipsilateral lung and the
20% isodose line covers almost all the ipsilateral lung on
the iso-center plane.

Discussion

The present study revealed that C-ion RT presented a more
conformal dose distribution than SBRT and significantly
reduced doses to the normal tissues compared to SBRT. The
characteristic carbon-ion beam, that is distal fall-off the
Bragg peak and less lateral scatter than photon, realizes
conformal dose distribution and sparing normal tissues. The
HI for PTV showed no significant difference in C-ion RT
and SBRT. Because SBRT planned to cover the almost PTV
by 90 % of the prescribed dose, the dose in PTV resulted in
homogeneous distribution.

There are many studies addressing the dosimetric factors
to predict radiation pneumonitis (RP) in lung cancer treated
with SBRT. Takeda et al. showed that V15 was a significant
factor differentiating between grade 0-1 and grade 2 RP (14).
Barriger et al. reported that development of symptomatic RP
correlated with V20 (15). Matsuo et al. demonstrated that
V25 was a significant factor associated with RP (16).
Barriger and Borst revealed significant dose-response
relationship between the risk of RP and MLD (15,17). All of
these dosimetric factors were significantly low in C-ion RT
compared to SBRT. Low dose parameter such as a V5, in
which there was large difference between C-ion RT and
SBRT has not reported the predictive value for PR after
SBRT. However, the data from three-dimensional conformal
radiation therapy and intensity-modulated radiation therapy
for thoracic malignancies suggested that delivery of a small
dose of radiation as low as 5 Gy to a large lung volume is
not safe (18, 19). A small dose of radiation to a large volume
of lung could be much worse than a large dose to a small
volume in functional lung damage. This fact is important for
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candidates for radiation therapy because they have
pulmonary comorbidities. Additionally, large PTV and higher
CI are also reported to be significant risk factors for RP after
SBRT (16, 20). C-ion RT which is keeping normal lung dose
and CI at low levels could be fit for large PTV.

Although reduced doses to spinal cord, esophagus, trachea
and heart were statistically significant, the absolute
differences were small and with unknown clinical
significance. Tolerance doses of spinal cord, esophagus and
trachea were well-established and it is not difficult to
establish lower tolerance doses in SBRT. On the other hand,
a clear quantitative dose and/or volume dependence for most
radiation-induced heart disease has not yet been shown (21).
Recently, rates of major coronary events increased linearly
with the mean dose to the heart by 7.4% per Gy, with no
apparent threshold (22). Doses to the heart must be carefully
managed because patients with stage I NSCLC are expected
to be long-term survivors.

Several treatment planning studies have shown that PT
demonstrates a superior conformality and a reduced dose to
adjacent normal tissue or critical structures compared to
SBRT (7-10). There might be no significant dosimetric
difference between C-ion RT and PT for stage I NSCLC.
However, the carbon-ion beam has high LET for which the
relative biological effectiveness (RBE) can be as high as 2.0-
3.5 (6). The tumors with low radioresponsiveness against
low-LET radiations (photon and proton) are assumed to have
a high proportion of hypoxic cells, poor re-oxygenation
pattern and high intrinsic repair capacity. A large tumor such
a T2 showed a higher local recurrence rate and worse
survival than a Tl tumor. The tumor diameter was a
significant factor in all failures (local, regional or distant
metastases) after SBRT for stage I NSCLC (23). This can
possibly be explained by the increased percentage of more
radioresistant and aggressive cells in large tumors, which
include larger populations of low radioresponsive cells
against low LET. Thereby, it is also assumed that large
tumors could benefit from C-ion RT in terms of biology.
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Figure 3. (a)-(e). Scatter diagrams comparing PTV with V5, V10, V15, V20 and mean normal lung dose (MLD) for C-ion RT and SBRT.
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Figure 4. (a)-(b). (a); C-ion RT, (b); SBRT). Representative case of stage IB. Color-corded dose distribution is shown with percent isodose lines.

Finally, the limitations of the present study must be
addressed. The influence of respiratory movements could
not be evaluated in the present study. Because the carbon-
ion beam is sensitive to geometric uncertainties and in
hypodense tissue such as the lung parenchyma where the
beam attenuation is low, respiratory movements are more
important for the carbon-ion beam than for a photon.
Strictly speaking, the tumor moves in the gating phase,
although the carbon-ion beam is usually delivered under
respiratory-gated movements. Because the depth dose
distribution for carbon ion beam is sensitive to change in
tissue density along its pathlength, intrafraction movements
perturbs the carbon ion beam distribution (24). In addition,
since the carbon-ion beam ports in our facility were fixed to
be either horizontal or vertical, the patient was usually
rolled to concentrate the dose to the target. Simulation CTs
for C-ion RTs are scanned in each position because the
anatomic organ location can change due to the position.
However, the simulation CTs for the present study were
obtained in the supine position only. Namely, the anatomic
organ location changes due to the CT positions were not
considered for the present study.

In conclusion, C-ion RT with 2, 3, or 4 beams provides an
advantage in both target conformity and sparing of normal
lung tissues compared with SBRT in peripheral stage I
NSCLC. C-ion RT appears to have an advantage over SBRT
especially for larger tumors.
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Abstract. Non-proliferating cells, such as mature neurons,
are generally believed to be more resistant to X-rays than
proliferating cells, such as glial and vascular endothelial cells.
Therefore, the late adverse effects of radiotherapy on the
brain have been attributed to the radiation-induced damage of
glial and vascular endothelial cells. However, little is known
about the radiosensitivities of neurons and glial cells due to
difficulties in culturing these cells, particularly neurons, inde-
pendently. In the present study, primary dissociated neurons
and glial cultures were prepared separately from the hippo-
campi and cerebrum, respectively, which had been obtained
from the same fetal rat on embryonic day 18. X-irradiations of
50 Gy were performed on the cultured neurons and glial cells
at 7 and 21 days in vitro (DIV). The cells were fixed at 24 h
after irradiation. Terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end labeling was then performed to measure
the apoptotic indices (Als). The Als of non-irradiated and
irradiated neurons at 7 DIV were 23.7+6.7 and 64.9+4.8%,
and those at 21 DIV were 52.1+174 and 44.6+12.5%, respec-
tively. The Als of non-irradiated and irradiated glial cells at
7 DIV were 5.8+1.5 and 78.4+3.3% and those at 21 DIV were
9.6+2.6 and 86.3+4.9%, respectively. Glial cells and neurons
were radiosensitive at 7 DIV. However, while glial cells were
radiosensitive at 21 DIV, neurons were not.

Introduction
Radiation therapy is among the essential treatment modalities

for primary and metastatic brain tumors. However, subse-
quent cognitive function decline and developmental disorders
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following radiation therapy to the brain must be overcome,
particularly in pediatric patients (1-5).

The central nervous system (CNS) is composed mainly
of neurons, glial cells and vascular endothelial cells (Fig. 1).
Neurons, the majority of which cease cell proliferation
during fetal development, have been considered to be more
radioresistant than glial and vascular endothelial cells,
which continue to proliferate subsequent to birth. Molecular
studies have provided evidence that glial cells are essential
for the survival of neurons by supplying trophic factors to
the neurons (6-9). Thus, the mechanism underlying the late
adverse brain effects of radiation therapy has been believed
to mainly be the insufficient supply of nutrients and blood to

- neurons due to the impaired functions of irradiated glial and
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vascular endothelial cells, rather than a direct effect of the
radiation itself on neurons.

It was shown in the late 1990s that adult neurogenesis
occurs in certain areas of the brain, including the subven-
tricular zone (SVZ) and subgranular layer (SGL) (10). In
addition, radiation-induced apoptosis of neural progenitor
cells was observed in the SVZ and SGL, and relatively high
radiosensitivity was demonstrated in neurons residing in
the areas where neurogenesis occurs (11,12). These findings
have raised the possibility that radiation-induced neuronal
death may be one of the causes of the late adverse effects of
radiation therapy, such as functional and developmental disor-
ders. Therefore, attempts have been made to prevent adverse
effects from developing following cranial irradiation using
intensity-modulated radiation therapy to reduce the dose to
areas that may be highly radiosensitive, such as the SVZ and
SGL (13-16).

Radiation affects neurons and glial and vascular endo-
thelial cells. It is therefore difficult to evaluate the radiation
sensitivities of these cell types separately in in vivo studies.
Furthermore, the majority of the previously reported in vitro
studies were conducted on a mixture of neurons and glial
cells (17). However, due to technical difficulties, only a few
investigations, including our previous studies (18,19), have
examined the radiosensitivity of neurons by employing mono-
cultures of this cell type alone.

To estimate the extent of the involvement of neurons and
glial cells in the adverse brain effects of radiation therapy, it
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is essential to compare radiosensitivities between glial cells
and neurons. A previous study using glial cells and neurons
cultured separately for such a comparison demonstrated
the radiosensitivity of glial cells to be comparable to that
of neurons (17). However, the cells used in that study were
isolated from different individuals (different genetic back-
grounds) and cultured for different lengths of time (different
developmental stages), such that the results are not entirely
convincing. In the present study, neurons and glial cells
were therefore obtained from the same rat to ensure uniform
conditions (identical genetic backgrounds and developmental
stages) and their radiosensitivities were investigated sepa-
rately.

Materials and methods

Cell culture. The modified Banker's method was used for
primary neuronal cultures (20). Briefly, cells were obtained
from the hippocampi of Wistar rat fetuses (Imai Jikkendobutu
Shiikujo, Saitama, Japan) at embryonic day 18, treated with
trypsin and mechanically dispersed by trituration with
Pasteur pipettes. The cells were then seeded at a density of
5,000 cells/cm® on glass coverslips coated with poly-L-lysine
and cultured in minimum essential medium (MEM; Invitrogen
Life Technologies, San Diego, CA, USA) for 3 h. The cover-
slips were then transferred to culture dishes containing a
monolayer of supporting glial cells maintained in serum-free
MEM supplemented with B27 (Invitrogen Life Technologies).
Cytosine B-D-arabinofuranoside (Sigma, St. Louis, MO,
USA) (10 uM) was added to the culture medium at 3 days
in vitro (DIV) to inhibit glial cell proliferation. Neurons were
irradiated at 7 or 21 DIV. For X-irradiation of the cells, the
cover slips were transferred to another culture dish containing
only medium and no glial cells. Immediately subsequent to
the irradiation of the neurons, the cover slips were returned
to the original culture dishes. Although the neurons were in
direct contact with the glial cells, they were easily separable;
thus, it was possible to irradiate and observe only neurons.

Glial cells were obtained from the cerebral cortex of the
same Wistar rat fetus as that used for obtaining neurons at
embryonic day 18. Briefly, the cells were treated with trypsin,
dispersed by trituration with Pasteur pipettes and then seeded
at a density of 5,000 cell/cm? on glass coverslips coated with
poly-L-lysine and cultured in MEM. Four days later, the cells
were again treated with trypsin, dispersed with Pasteur pipettes
and then cultured in new MEM. Glial cells were also irradi-
ated at 7 DIV or 21 DIV. For X-irradiation of the cells, the
cover slips were transferred to another culture dish containing
only medium and no glial cells. Following irradiation of the
glial cells, the cover slips were returned to the original culture
dishes.

All animal experiments were performed in accor-
dance with the guidelines set by the Animal Care and
Experimentation Committee (Gunma University, Maebashi,
Japan).

Irradiation and cell fixation. At 7 and 21 DIV, neural and
glial cells were irradiated with 200 kV X-rays (Siemens-Asahi
Medical Technologies Ltd., Tokyo, Japan) at a dose of
50 Gy. At 24 h after irradiation, the cells were fixed in 4%
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paraformaldehyde for 24 h at 4°C. Non-irradiated culture
cells were handled in parallel with the irradiated samples as
a control.

Assessment of apoptosis. Apoptosis was determined by
terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) assay using the ApopTag® Plus In Situ
Apoptosis Fluorescein Detection kit (Chemicon International,
Temecula, CA, USA). Fixed cells on coverslips were permea-
bilized in ethanol:acetic acid (2:1) for 15 min at -20°C. The
cells were then washed twice with phosphate-buffered saline
(pH 7.4) for 5 min and incubated with ApopTlag equilibra-
tion buffer for 5 min, followed by terminal deoxynucleotidyl
transferase linkage of digoxigenin-tagged dUTP to the 3'-OH
termini of DNA fragments at 37°C for 60 min. The reaction
was terminated at 37°C in stop/wash buffer for 30 min and
the cells were then washed. Subsequent to washing, the cells
were incubated with anti-digoxigenin fluorescein antibody
for 30 min and the coverslips were then mounted on slides
with Vectashield® Mounting Medium with DAPI (Vector
Laboratories, Burlingame, CA, USA).

Evaluation method. Fluorescein-labeled cells were observed
under a Zeiss Axioplan microscope (Carl Zeiss AG, Jena,
Germany) equipped with a Photometrics CoolSnap FX
cooled CCD camera (Photometrics, Tucson, AZ, USA)
using MetaMorph software (Universal Imaging Corp., West
Chester, PA, USA). Apoptotic cells were counted on each
slide. The apoptotic index (AI) was calculated as the number
of DAPI- and TUNEL-positive cells divided by the number of
DAPI-positive cells. The cells positive for TUNEL and nega-
tive for DAPI were excluded from the calculations.

Statistical analysis. Statistical analysis was performed using
StatMate software (GraphPad Software, Inc., San Diego, CA,
USA). P<0.01, as determined using a Student's t-test, was
considered to indicate a statistically significant difference. All
results are shown as the mean + standard deviation.

Results

The average numbers of neurons and glial cells counted in each
coverslip were 332 (range, 211-556) and 273 (range, 131-292),
respectively. Representative images of irradiated neurons are
shown in Fig. 2. The Al of 7 DIV neurons was 23.7+6.7% (n=3)
in the control group and significantly higher, 64.9+4.8% (n=3),
in the 50 Gy irradiated group (P<0.001) (Fig. 3A). At 21 DIV,
the AI of neurons was 52.1+17.4% (n=9) in the control group
and 44.6+12.5% (n==8) in the irradiated group; no significant
difference was identified in the number of apoptotic cells
between the two groups (P=0.61) (Fig. 3B). The average Al
of 7 DIV glial cells was 5.8+1.5% (n=3) in the control group
and 78.4+3.3% (n=3) in the 50 Gy irradiated group (Fig. 3C),
and the average Al of 21 DIV glial cells was 9.6+2.6% (n=4)
in the control group and 86.3+4.9% (n=4) in the 50 Gy irradi-
ated group (Fig. 3D). The differences between the control and
50 Gy irradiated groups were significant at 7 DIV (P<0.001) as
well as at 21 DIV (P<0.001).

Comparisons at the corresponding time-points revealed
both glial cells and neurons to be radiosensitive at 7 DIV,
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Figure 1. Illustration depicting the associations between neurons and glial cells in the CNS. The CNS is composed mainly of neurons and glial cells (astrocytes,
oligodendrocytes and microglia). Glial cells are essential for the survival of neurons as they supply trophic factors to the neurons. (A and B) Phase contrast
images show a (A) glial cell and (B) neuron. CNS, central nervous system. Magnification, x20.

7DV

Figure 2. TUNEL analysis of cells undergoing radiation-induced apoptosis. (A-D) 7 DIV neurons; (E-H) 21 DIV neurons. (A and E) Phase contrast images;
(B and F) DAPI fluorescence images; (C and G) TUNEL fluorescence images; (D and H) double fluorescence images for TUNEL (red) and DAPI (blue). Scale
bar = 50 ym. DIV, days in vitro; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling. Magnification, x20. The arrows indicate
nuclear pylnosis.
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Figure 3. Plots of the average Als of cells irradiated with 0 Gy (Control) or 50 Gy, at 7 or 21 DIV. Neurons: (A) The AT was significantly increased by 50 Gy
irradiation at 7 DIV as compared with the control (n=3, P<0.001). (B) No increase in Al was identified at 21 DIV (n=8, P=0.61). Glial cells: The Al increased
significantly with 50 Gy irradiation at both (C) 7 DIV and (D) 21 DIV (7 DIV, n=3, P<0.001; 21 DIV, n=4, P<0.001). The bars represent standard deviations.
DIV, days in vitro; Al, apoptotic index.
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whereas glial cells but not neurons were radiosensitive at
21 DIV.

Discussion

Our previous study revealed 7 DIV neurons (morpho-
logically and functionally immature cells) to be relatively
radiosensitive, while 21 DIV neurons (morphologically and
functionally mature cells) were found to be extremely radio-
resistant, showing no increase in apoptosis even following
high-dose irradiation (19). Furthermore, when 7 DIV neurons
were exposed to low doses of X-irradiation (0, 5, 4 and 10 Gy)
and further cultured for 14 and 21 days in total, the number
of apoptotic cells increased, and the clustering of synaptic
proteins, indicative of the maturation of synapses, decreased
dose-dependently following irradiation (18). Consistent with
our previous findings, the present results showed that the
number of 7 DIV neurons undergoing apoptosis increased
following irradiation, whereas radiation did not significantly
increase apoptosis in 21 DIV neurons. These results indicate
that radiosensitive immature neurons become radioresistant
with maturation and that mature neurons are radioresistant.

The Al of glial cells did not differ significantly between
7 and 21 DIV in this study. Although no study has focused on
the association between the maturity and radiosensitivity of
glial cells, if the maturities of these cells reflect their radio-
sensitivity, our present results may suggest their maturities to
be similar at 7 and 21 DIV. In other words, since glial cells
have the ability to proliferate (gliogenesis), unlike neurons,
it is assumed that a glial cell population would represent a
mixture of cells with differing maturities due to this prolif-
eration. Thus, their similar radiosensitivities suggest that the
glial cells in this study may have been at similar maturation
stages.

Following irradiation, glial cells may undergo mitotic cell
death. Furthermore, we observed in a previous study thata large
percentage of neurons underwent delayed apoptosis subsequent
to irradiation (18). Thus, comparing the radiosensitivities of
neurons and glial cells based on their Als at 24 h after irradia-
tion can be difficult. A number of studies have shown that the
ability to repair radiation damage differs among sites (10,21).
Eriksson et al (10) reported that adult neurogenesis occurs in
both the SVZ and the SGL, and Seaberg et al (21) showed
that stem cells with pluripotency and self-renewal ability were
present in the SVZ, while the SGL contained predominantly
neural progenitor cells without pluripotency and fewer stem
cells. In other words, due to the presence of radioresistant and
pluripotent stem cells in the SVZ, neurogenesis may occur
following irradiation in this area, whereas recovery subse-
quent to irradiation may be poor in the SGL where the number
of the stem cells is limited. In a study by Hellstrom et al (22),
the volume and rate of DNA synthesis following whole brain
irradiation were reported to be significantly higher in the SVZ
than in the SGL (22). Glial cells have the ability to proliferate,
such that damaged glial cells can be replaced by gliogenesis.
Therefore, to understand the mechanisms underlying the
adverse effects of radiation therapy on the brain, the neuro-
genesis, restoration of glial cells and secondary effects due to
brain blood vessels being impaired by irradiation must all be
taken into consideration. Furthermore, radiation effects on the
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brain may vary according to the irradiation site, extent and
dose, due to the heterogeneous distribution of neural stem
cells.

In conclusion, the radiosensitivities of neurons and glial
cells, obtained from the same rat brain, were evaluated by
examining the number of cells undergoing radiation-induced
apoptosis. The results showed both glial cells and neurons
to be radiosensitive at 7 DIV, whereas only glial cells were
radiosensitive at 21 DIV; neurons exhibited radioresistance at
21 DIV. Further studies are required to elucidate the mecha-
nisms underlying the late adverse effects of radiation therapy
on the CNS.
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- Abstract

Objective: Enhancing immunologic responses, including human leukocyte antigen (HLA) class | expression on tumor cells
and recognition and elimination of tumor cells by tumor-specific cytotoxic T lymphocyte (CTL), is considered a novel
concept of radiotherapy. The present study examined patients who underwent preoperative hyperthermo-chemora-
diotherapy (HCRT) for locally advanced rectal cancer to assess the correlation between HLA class | expression and clinical
outcome.

Materials and Methods: Seventy-eight patients with locally advanced rectal adenocarcinoma who received preoperative
HCRT were enrolled. The median age of the patients was 64 years (range, 33-85 years) and 4, 18, and 56 patients had clinical
stage |, Il and Il disease, respectively. Formalin-fixed and paraffin-embedded tissues excised before and after HCRT were
subjected to immunohistochemical analysis with an anti-HLA class I-A, B, C antibody. HLA class | expression was graded
according to tumor cell positivity.

Results: In pre-HCRT, the number of specimens categorized as Grade 0 and 1 were 19 (24%) and 58 (74%), respectively. Only
1 patient (1%) showed Grade 2 expression. However, 6 (8%), 27 (35%), 7 {9%), and 12 (15%) post-HCRT specimens were
graded as Grade 0, 1, 2, and 3, respectively. There was a significant increase in HLA class | expression in post-HCRT
specimens (p<0.01). However, neither pre- nor post-HCRT HLA class | expression affected overall survival and distant
metastasis-free survival in clinical stage Il patients. Univariate analysis revealed that Post-HCRT HLA class | expression
showed a significant negative relationship with LC (p<<0.05). Nevertheless, multivariate analysis showed that there was no
correlation between HLA class | expression and clinical outcome.

Conclusion: HCRT increased HLA class | expression in rectal cancer patients. However, multivariate analysis failed to show
any correlation between the level of HLA class | expression and prognosis.
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Introduction sion of HLA class I by esophageal, non-small cell lung, head and
) ) . . neck squamous cell, and bladder cancers [3-8]. Moreover, the
Accumulating evidence supports the importance of cellmedi-  a50rity of these reports conclude that patients with low HLA

a?ed immunity for controlling tumor gr OWth and eliminating (¢ J-expressing cancers have a poorer prognosis than those with
distant metastases [1]. Human leukocyte antigen (HLA) class I high-expressing cancers
g .

molecules and tumor antigen-specific cytotoxic T lymphocytes
(CTL) play crucial roles in these responses. HLA class I molecules
expressed by tumor cells present tumor-derived antigens to CTL,
which then kill the target cells [2]. Many studies report a
significant correlation between clinical prognosis and the expres-

Radiotherapy is a major form of anti-cancer therapy, and is
used to treat many types of cancer, regardless of clinical stage. It is
generally accepted that irradiation induces cell death via apoptosis
and/or necrosis by damaging (either directly or indirectly) DNA.
However, recent studies suggest that radiation-induced immuno-
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genic cell death is a concept different from the more “traditional” Patients and specimens

radiation-induced cell death [9-11]. The concept underlying Seventy-eight patients with locally advanced rectal adenocarci-
radiation-induced immunogenic cell death is based on the noma, who were consecutively treated with HCRT followed by
induction of anti-tumor immune CTL responses by radiotherapy surgery at Gunma University Hospital between 2003 and 2011,
with modification of the immunogenic epitopes on tumor HLA were enrolled in the study. Pre- and post-HCRT specimens were
class I molecules. Radiotherapy increases the expression of HLA available for all patients.

class T molecules by human melanoma cells and by kidney and The characteristics of the patient’s and the tumors are
subcutaneous cells in HLA-A2 transgenic mouse [12]. By contrast, summarized in Table 1. The median age of the patients at the
Speetjens et al. reported that irradiation did not effect HLA class I start of HCRT was 64 years (range, 3385 years). The mean and
expression by rectal cancer cells [13]. However, few reports have median follow up periods were 45 and 40 months (range, 3-103
examined the correlation between radiotherapy and HLA months), respectively. For diagnostic workup, all patients under-
expression on tumor cells in a clinical setting [12,14,15]. went computed tomography (CT) of the abdomen and thorax to
Moreover, to the best of our knowledge, no studies have examined facilitate staging of regional and distant metastases. T stage was
changes in HLA class I expression by tumor cells in the same determined by CT and magnetic resonance imaging (MRI),
patient before and after radiotherapy. particularly T2 weighted images, according to the TNM

We previously treated rectal cancer patients with preoperative Classification of Malignant Tumors (UICC, 7th edition). Overall,
hyperthermo-chemoradiotherapy (HCRT) for several years and 4, 18 and 56 patients were classified with stage I, I and III disease,

reported the clinical outcomes [16,17]. Here, we obtained samples respectively. Samples from the 56 patients with stage III disease
from the same patients to examine (i) HLA class I expression on were further examined to determine the correlation between HLA
rectal cancer cells, (i) changes in HLA class I expression induced class I expression and prognosis.
by HCRT, and (iii) the relationship between HLA class I Tissue specimens were excised endoscopically from rectal
expression and prognosis. tumors before HCRT and then surgically after HCRT (median,
10 weeks; mean, 12 weeks; range, 1-54 weeks). Excised tissues
Materials and Methods were then fixed in 10% formalin for 24 h and embedded in
paraffin. HLA class I expression was examined by immunohisto-
Ethics statement chemistry.

All patients provided their written informed consent to
participate in this study. This study was approved by the Treatments

institutional review board of Gunma University Graduate School All 78 patients underwent preoperative HCRT, as previously
of Medicine, Gunma, Japan (IRB approval number is 1051). reported [16]. Briefly, external beam radiotherapy (X rays; 10
Anonymity of the patients was preserved. MV) was delivered using an anteroposterior or three- or four-field

box technique. The clinical target volume (CTV) comprised the
primary tumor and the entire mesorectal tissue. The total
radiation dose was 40-54 Gy (median, 50 Gy), with daily fractions

Table 1. Patient and tumor characteristics.

Patient characteristics

Median (range) 64 (33-85)

Male 55 (71%)

T4a 12 (15%)

Lymph-node metastasis

Clinical stage

2 18 (23%)

doi:10.1371/journal.pone.0108122.t001
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of 2 Gy. Seventy-four patients also received 5-fluorouracil (5-FU)
and Levofolinate, three received UFT and leucovorin, and one
received Capecitabine.

Hyperthermia treatment was performed on a weekly basis (2—6
sessions (median, 5 sessions) each lasting 30 min) using capacitive
heating equipment and a radiofrequency of 8 MHz (Thermotron-
RF 8, Yamamoto Vinita Co. Ltd., Japan).

Surgery (mainly total mesorectal excision) was performed at 1—
54 weeks (median, 10 weeks) after the completion of HCRT.
Seventy-five patients (96%) underwent surgery within 17 weeks.
Several patients who showed a clinical complete response to
HCRT refused surgery; therefore, surgery was performed in only
3 patients (4%) of patients after more than 34 weeks.

Immunostaining for HLA class |

Formalin-fixed and paraffin-embedded specimens were used for
immunohistochemical analysis. Tissue sections were deparaffi-
nized and subjected to antigen retrieval with epitope retrieval
solution (Target Retrieval Solution, Citrate pH 6; Dako, Glostrup,
Denmark) at 121°C for 20 min. Endogenous peroxidase activity
was blocked by Dako REAL (Dako). A primary antibody against
the HLA class I-A, B, C heavy chain, EMR8-5 (Hokudo, Sapporo,
Japan), which does not recognize the HLA class I heavy chain-B2-
microglobulin-peptide complex, was diluted (1:70) in Antibody
Diluent Solution with Background Reducing Components (Dako)
and incubated with the tissue sections at 4°C overnight [18]. The
sections were then incubated with a Histofine Simple Stain MAX-
PO kit (Nichirei, Tokyo, Japan) for 30 min. Finally, the sections
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Table 2. Relationship between pre-HCRT HLA class | expression and patient/tumor characteristics.
Grade of HLA class | expression
"P'at’i’éynt,nq. (%) 0 ’ 1 ’ i o : . k 3 :
No. (%) No. (%) No. (%) No. (%)
5 Ten g R0 we
LB B Bl 08
23 (29) 4(17) 9 (78) 1@
27 35) 20 24 (89) 104
s1E) e we . %0 B
e 00 o 00
9 (12) 0(0) 9 (100) 0 (0
ey L e e 1)
12 (15) 2(17) 10 (83) 0 (0)
v 19 ee0) 0O
e e e
28 (36) 7 (25) 21 (75) 0 (0)
R san w0
B e A e
18 (23) 6 (33) 11 (61) 1(6)
HCRT, hyperthermo-chemoradiotherapy; HLA, human leukocyte antigen.
doi:10.1371/journal.pone.0108122.t002

were treated with 3, 30-diaminobenzidine (DAB, Dako) for 1 min,
and counterstained with hematoxylin. Specimens of normal lymph
node served as positive controls. The isotype matched irrelevant
immunoglobulin (Negative Control Mouse IgG1; Dako) was used
as the negative control.

Two authors (HS and MI, both blinded to the clinical and
pathological data) assessed HLA class I positivity in a semi-
quantitative manner. Staining was classified as follows: Grade 0, <
10% stained cells; Grade 2, 10-50% stained cells; Grade 3, 50—
90% stained cells; Grade 4, >90% stained cells. The relationship
between HLA class I expression and clinical prognosis was
assessed by dividing the post-HCRT specimens into two groups, as
previously described [6,13,19]: Grades 0-1 and Grades 2-3. The
relationship between HLA class I expression and clinical prognosis
was not examined in pre-HCRT specimens because only one
patient showed Grade 2-3 expression prior to HCRT.

Statistical analysis

Survival was measured in days, starting from Day 1 of HCRT
to the time of death or final follow up. Univariate analysis of the
actuarial overall survival rate (OS), the local control rate (LC), and
the distant metastasis-free survival rate (DMFS) for each clinico-
pathological factor were analyzed using the Kaplan-Meier
method, and differences between survival curves were analyzed
using the log-rank test. Multivariate analyses using Cox’s
proportional hazards model were performed to examine the
correlation between prognosis and multiple clinicopathological
variables. Differences in HLA class I expression between pre- and
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Grade 3

Figure 1. Human leukocyte antigen (HLA) class | expression in tumor cells. Representative images showing HLA class | expression by rectal
cancer cells. A, Grade 0 expression. B, Grade 1 expression. C, Grade 2 expression. D, Grade 3 expression. Magnification, x200.

doi:10.1371/journal.pone.0108122.g001

post-HCRT specimens were examined using the Wilcoxon signed
rank test. Differences were considered significant at P<<0.05. All
statistical analyses were performed using SPSS software, version
21 (SPSS Japan Inc., Tokyo, Japan).

Results

HLA class | expression

Figure 1 shows HLA class I expression by rectal tumor cells.
The number of pre-HCRT specimens categorized as Grade 0, 1,
2, and 3 was 19 (24%), 58 (74%), 1 (1%), and 0 (0%), respectively.
The number of post-HCRT specimens categorized as Grade 0, 1,
2, and 3 was 6 (8%), 27 (35%), 7 (9%), and 12 (15%), respectively.
Twenty-six patients (33%) showed a pathological complete
response (pCR) post-HCRT. Table 2 shows that HLA class I
expression correlated with patient age (<60 vs. =60), but not with
other any other tumor characteristics or disease stage.

Changes in HLA class | expression induced by HCRT
Overall, 26 patients achieved pCR after HCRT. Changes in
HLA class I expression were evaluated in tumor samples from the
remaining 52 patients. Of these, 26 (50%) showed increased HLA
class I expression, 3 (6%) showed reduced expression and 23 (44%)
showed no change. The increase in HLA class I expression after
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HCRT was significant (p<<0.01) (Figure 2). Of the 26 patients that
achieved pCR, 5 (19%) showed Grade 0 expression pre-HCRT
and 21 (81%) showed Grade 1 expression. There was no
significant correlation between the Grade of HLA class I
expression pre-HCRT and pCR.

Correlation between HLA class | expression and
prognosis

The 5 year OS, LC, and DMFS for all 78 patients with Grade
0-1 post-HCRT HLA class I expression were 76%, 94%, and
76%, respectively, whereas the 5 year OS, LC, and DMFS of
patients with Grade 2-3 post-HCRT HLA class I expression were
79%, 74%, and 79%, respectively (Table 3). There was no
significant correlation between the three outcome parameters and
the Grade of HLA class I expression. The pCR induced by HCRT
showed a significant relationship with good LC (p<<0.05).

Next, we further examined samples from the 56 patients with
stage III disease to determine the correlation between HLA class 1
expression and prognosis. The 5-year OS, LC, and DMFS for
stage III patients with Grade 0-1 post-HCRT HLA class I
expression were 70%, 100%, and 70%, respectively, and the 5-
year OS, LC, and DMFS for patients with Grade 2-3 post-HCRT
HIA class I expression were 92%, 77%, and 85%, respectively
(Figure 3). Post-HCRT HLA class [ expression showed a
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Av

pre-HCRT, Grade 0 post-HCRT; Grade 3

C N
40 - P <0.01
| Post-HCRT
20 -
10 -
o 1 2 3

HLA class | grade

Figure 2. Changes in Human leukocyte antigen (HLA) class | expression after preoperative hyperthermo-chemoradiotherapy
(HCRT). Grades of HLA class | expression in samples from the same patient. A, pre-HCRT specimen; Grade 0. B, post-HCRT specimen; Grade 3.
Magnification, x200. C, HLA class | expression in pre- and post-HCRT specimens. Predictive value was tested using the Wilcoxon signed rank test.
doi:10.1371/journal.pone.0108122.g002

significant negative relationship with LG (p<<0.05). However, Discussion

multivariate analysis showed that none of the variables correlated . ) .

with clinical prognosis (Table 4). The main findings of the present study were as follc.»ws: 6] ‘19
We next investigated examined whether the increase in HLA ~ (24%) and 58 (7‘4%) of tumor tissue samples from patients with

class T expression induced by HCRT improved the clinical ~ rectal adenocarcinoma showed Grade 0 (<10%) or Grade 1 (10~

outcome for stage III patients. The 5-year OS and DMFS for the 50%) expression of HLA class I, respectively; (ii) preoperative

“increased” group and the “constant or decreased” group were HCRT led to a significant increase in HLA class I expression; and
77% and 78% (p=0.97) and 71% and 78% (p=0.66), respec- (ii1) multivariate analysis showed no significant positive association
tively. There was no significant correlation between changes in betwcen. HLA class T expr-cssion and surviva}l.

HLA class I expression and OS and DMFS. On the other hand, Speegjens et al. examined the expression of HLA class I

the 5-year LC for the “increased” group and the “constant or ~ Molecules in rectal cancer [13]. They categorized HLA class T
decreased” group was 82% and 100%, respectively (p = 0.04). The =~ ©Xpression as follows:’ 'absent (no expre{s.smn), negative (0-50%
LC of the “increased” HLA class I expression group was positive cells), and positive (51-100% positive cells). They reported

L . ' . 0, 0, 0, : :
significantly worse than that of “constant or decreased” expression ~ that 9.7%, 32%, and 58% of specimens were categorized as
group. absent, negative, or positive, respectively when stained for the

HLA class I antigen by using anti-HLA antibody, HCAZ2, but that
2.1%, 21%, and 77% were absent, negative, or positive,
respectively, when stained for the HLA class I antigen by using
anti-HLA antibody, HC10. Only one patient in the present study
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Table 3. Univariate analysis of 5 year survival rates after hyperthermo-chemoradiotherapy (HRCT).

N (%) os LC DMFS

Factors

=60 51 (65) 77 90 80

Male 55 (71) 78 0.66 87 0.08 82 0.49

2 18 (23) 72 83 78

Grade 2, 3 1 100 100 0

Grade 0, 1 33 (64) 76 0.60 94 0.86 76 0.63

Pathological effect

No pCR 52 (67) 77 87 77

0S, overall survival; LC, local control; DMFS, distant metastasis-free survival; HLA, human leukocyte antigen.

doi:10.1371/journal.pone.0108122.t003
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Table 4. Multivariate analysis of 5 year survival rates after hyperthermo-chemoradiotherapy (HCRT).

Factors os LC DMFS

. ~ HR.(95% CI) P-value HR(95%C) ~ Pvalue  HR(95%Cl) Pvalue
Age (<60 or=60) 0.82 (0.20-3.30) 0.79 118 (0.10-13.49) 0.89 0.93 (0.25-3.45) 092

der ‘ 086 (0.39-1.91) 072 000 (00-473E+135) 097 121 (061-241) )58
HLA class | (post-HCRT) 462 (0.57-37.47) 0.15 0,00 (00-7.68E+232) 096 226 (0.46-11.03) 031

doi:10.1371/journal.pone.0108122.t004

showed >50% HLA class I positivity. This discrepancy may be
partly explained by three factors. First, the primary monoclonal
ant-HLA class I antibodies were different. They used HCA2
(which reacts with HLA-A (not HLA-A24), HLA-B73, and HLA-
C molecules as well as HLA-E, HLA-F and HLA-G antigens), and
HC10 (which reacts with HLA-B and HLA-C molecules and
HLA-A10, -A28, -A29, -A30, -A31, -A32 and -A33 heavy chains)
as the primary antibodies. However, we used EMRS8-5, which
reacts with HLA-A*2402, A*0101, A*1101, A*0201, A*0207,
B*0702, B*0801, B*1501, B*3501, B*001, B*4002, B*4006,
B*4403, Cw*0102, Cw*0801, Cw*1202, and Cw*1502, as the
primary antibody [18]. Second, semi-quantitative assessment is
not the most accurate way to evaluate HLA class I expression.
Finally, the differences may be explained by the “cancer
immunoediting concept” proposed by Dunn, which describes
the tumor alteration process consisted by three sequential phases
(elimination, equilibrium and escape) to be acceptable to the
immune system [20]. In this concept, the developing tumor cell
had been eliminated by immune system before they become
clinically apparent (elimination), however, a rare tumor cell was
not killed by immune response, and consequently, these tumor
cells emerge to cause clinically apparent disease (equilibrium and
escape). Thercefore, advanced cancer has tendency of low antigenic
condition. Also, compared with Speetjens’s study, the present
study involved more patients with locally advanced rectal
adenocarcinoma (72% of patients had stage III disease). Thus,

A) Overall survival

B) Local control

0S, overall survival; LC, local control; DMFS, distant metastasis-free survival; Cl, confidence interval; HLA, human leukocyte antigen; HR, Hazard ratio.

we may have found lower levels of HLA class I expression.
According to the “cancer immunoediting concept”, HLA class I
expression on tumor cells decreases with advancing stage.

Few reports have examined radiation-induced changes in HLA
class I expression at different clinical phases; however, it has been
demonstrated i vitro [12,14,15,21]. Speetjens et al., found also
no significant differences in HLA class 1 expression in tumor
samples from patients treated with or without irradiation [13]. By
contrast, we found that HLA class I expression in rectal cancer
cells increased after HCRT and this discrepancy might be due to
the radiation dose, the interval between radiotherapy and surgery,
or to the different analysis methods employed. Speetjens et al.,
treated one group of patients with 25 Gy per five fractions within
10 days of surgery and then compared HLA expression in tumor
cells from irradiated and non-irradiated patients. By contrast, we
treated patients with 50 Gy per 25 fractions within 5 weeks of
surgery, and the median interval between radiotherapy and
surgery was 10 weeks. We then compared HLA class I expressions
on tumor cells from pre- and post-HCRT specimens from the
same patients. Reits et al. reported that irradiation led to a dose-
dependent increase in the levels of mtracellular peptides derived
from existing proteins and increased protein synthesis via mTOR
activation. This resulted in an increase in MHC class I expression.
However, the optimal dose/fraction and the interval between
irradiation and evaluation for the highest level of HLA class I
expression in the clinical phase is unknown.

C) Distant metastasis free survival
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Figure 3. Relationship between Human leukocyte antigen (HLA) class | expression and clinical outcome. The clinical outcomes of 56
patients with stage Il disease. (A; overall survival, B; local control, and C; distant metastasis-free survival). Low HLA class | expression: Grades 0 and 1;

high expression: Grades 2 and 3.
doi:10.1371/journal.pone.0108122.g003
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