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Table 4 Association between the RADIS8 genotype and clinicopathological parameters of patients

Characteristics Genotype (%) Allele (%)
Arg/Arg Arg/Gln Gin/Gln Total p-value Arg Gin P-value

Differentiated grade

Well 18 (34.6) 23 (44.2) 11(21.2) 52 59 (56.7) 45 (43.3)

Moderate 16 (25.8) 35 (56.5) 11 (17.7) 62 0.420° 67 (54.0) 57 (46.0) 0.683°
Poor 9(25.0) 19(52.8) 8(22.2) 36 0.613* 37 (51.4) 35 (48.6) 0.484*
Unknown 3 3 3 9

TNM classification

1 31(33.0) 43 (45.7) 20 (21.3) 94 105 (55.9) 83 (44.1)

IL IO, IV 16 (26.7) 33 (55.0) 11 (18.3) 60 0.530 65 (54.2) 55 (45.8) 0.772
Unknown 0 3 2 5

Gender

Male 28 (26.2) 57 (53.3) 22 (20.5) 107 113 (52.8) 101 (47.2)

Female 19 (36.5) 22 (42.3) 11(2L2) 52 0.254 60 (57.7) 44 (42.3) 0.133
Unknown 0 0 0 0

Smoking habit

Smoker 25(25.3) 53 (53.5) 21 (21.2) 99 103 (52.0) 95 (48.0)

No-smoker 22 (40.0) 22 (40.0) 11 (20.0) 55 0.558 66 (60.0) 44 (40.0) 0.351
Unknown 0 4 1 5

# P-values were calculated against Well-differentiated grade by Chi-square test

We recognize that this specific population of cancer
patients does not seriously deviate from the general Japanese
population because Japan is an almost racially homogeneous
nation and Okayama has experienced population influxes
from other areas, such as Tokyo and Osaka (the urban city
representing Japan) and the Chugoku and Shikoku Districts
(surrounding Okayama).

RAD18 is one of the most important proteins involved in
the PRR pathway. In the PRR pathway, an interaction
between RAD18 and RADG is essential for carrying out
PRR (Wood et al. 2003; Bailly et al. .1994; Dohmen et al.
1991; Sung et-al.. 1991b). Since RADG6, which has no DNA
binding activity, inferacts with RADI18; it has been pro-
posed that RAD18 recruits RADS to the site of DNA dam-
age via its -physical  interaction where RADG6 and its
complex then modulate stalled DNA replication through
their ubiquitin-conjugating activity (Haracska et al. 2004;
Watanabe et al. 2004). There have been reports that the pro-
liferating cell nuclear antigen (PCNA), a DNA polymerase
sliding clamp that is involved in DNA synthesis and repair;
is a substrate of the ubiquitin conjugating enzyme, and it is
ubiquitinated in a RADI18- and RAD6-dependent manner
(Hoege et al. 2002; Stelter and Ulrich 2003; Kannouche
et al. 2004). Therefore, the monoubiquitination of PCNA
through RAD18 and RADG6 is necessary for carrying out
DNA PRR. RADI1S8 interacts with RAD6 through the
RADG6-binding domain in the C-terminal region (AA371-
410) (Fig. 2). Considering that Gln/Gln genotype was

detected more frequently in NSCLC patients, substitution
of Arg by GlIn may reduce the RAD6-binding activity. Fur-
thermore, RAD18 has several other functional domains as
well, such as the RING-finger motif (Costa et al. 2006),
zinc-finger motif (Mackay and Crossley 1998; Akhtar and
Becker 2001) and E3 ubiquitin-ligase domain (Marchler-
Bauer et al. 2005). The RING-finger motif, residing in the
N-terminal region, and the E3 ubiquitin-ligase domain
together confer an ubiquitin ligase activity on RAD18. The
RADI18 Arg302Gln polymorphism. is located in the E3
ubiquitin-ligase domain (Fig. 2). Therefore, this SNP may
affect the E3 ubiquitin-ligase activity of RAD18. It is also
possible that this SNP may affect the interaction between
RADI18 and. other proteins involved in PRR through its
structural change, which is generated by the substitution of
one amino acid residue, a basic amino acid residue (Arg) to
a neutral residue (Gln).

Our data provide evidence for an association between
the RAD18 Arg302GIn polymorphism and the risk of
NSCLC. It is possible that this polymorphism may influ-
ence susceptibility to a variety of human cancers through
incomplete PRR. The sample size we analyzed was small;
however, we recognized that our findings were true
because the findings of this study are statistically signifi-
cant. Analysis with threefold or more of normal control
population against our patient population will define more
precise values for statistical analysis. Further study with
sufficiently larger populations and functional analysis of
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Fig. 2 The location of the polymorphism and the functional motifs of
RADI18 protein. The SNP (Arg302Gin) is indicated by an arrowhead
above the motif. The motifs of the RAD18 protein are depicted in dark
gray and/or by arrows. RING, RING-finger motif (AA25-63); ZINC,

this polymorphism will be required in order to clarify this
issue.
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Abstract
Purpose:

The immune systems of the atomic-bomb (A-bomb) survivors were damaged proportionately to irradiation levels

at the time of the bombing over 60 years ago. Although the survivor’s immune system repaired and regenerated as the
hematopoietic system has recovered, significant residual injury persists, as manifested by abnormalities in lymphoid cell
composition and function. This review summarizes the long-lasting alterations in immunological functions associated with
atomic-bomb irradiation, and discusses the likelihood that damaging effects of radiation on the immune system may be
involved partly in disease development so frequently observed in A-bomb survivors.

Conclusions:. Significant immunological alterations noted include: (i) attrition of T-cell functions, as reductions in mitogen-
dependent proliferation and interleukin-2 (IL-2) production; (ii) decrease in helper T-cell populations; and (iii) increase in
blood inflammatory cytokine levels. These findings suggest that A-bomb radiation exposure perturbed one or more of the
primary processes responsible for T-cell homeostasis and the balance between cell renewal and survival and cell death among
naive and memory T cells. Such perturbed T-cell homeostasis may result in acceleration of immunological aging. Persistent
inflammation, linked in some way to the perturbation of T-cell homeostasis, is key in addressing whether such noted

immunological changes observed in A-bomb survivors are in fact associated with disease development.

Keywords: Immunology, inflammation, atom bomb effects, cytokines, flow cytomerry, epidemiology

Introduction

More than 60 years after thé atomic bombings. of
Hiroshima and Nagasaki, there are still significant
uncertainties as to how and to what extent atomic-
bomb (A-bomb) irradiation has affected the health of
individuals, and their susceptibilities to different
diseases. While epidemiological studies have helped
to identify various exposure-disease relationships,

addidonal studies on underlying mechanisms are

needed to fully understand the b1010g1ca1 bases of
such relationships.

Many human diseases appear to be the conse-
quence of abnormalities of the immune system. As
such, in order to gain further insight into mechan-
isms of radiation-induced diseases, it might be useful

to: study ‘the “origin' of - these- radiation-associated -

disorders from an immunological - point -of -view.

Exposure to radiation is thought to affect host
immune surveillance, but little is known about the
direct relationship between radiation: effect on the
immune system and:some of the most significant,
late-arising, radiation-induced diseases.

The immune system of the A-bomb survivors was
damaged proportionately to the intensity of the
A-bomb ionizing. irradiation, and as a result of
induced cytotoxicity and excessive cell loss. Due to
the robustness of the cell repopulation processes, the
damaged hematopoietic system of survivors had
largely and most surely recovered within a few
months following the A-bomb radiation exposures
(Oughtersen & Warren 1956, Ohkita 1975). How-
ever, even 60 years after radiation exposure, lym-
phocyte and hematopoietic stem cell populations still
bear residual molecular lesions; e.g., somatic muta-
tons and chromosome ‘aberrations, associated with
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prior exposures. (Hakoda et al. 1988, Langlois et al.
1987, Kyoizumi et al. 1989, Awa 1991). Further,
there is accumulating evidence of persistent radiation
effects on lymphoid tissues, specifically in terms of
cell composition and functon (Akiyama et al. 1983,
Kusunoki et al. 1988, Akiyama et al. 1989, Fujiwara
et al. 1994, Kusunoki et al. 1998, Kusunoki et al.
2001, Kusunoki et al. 2002a, Kusunoki et al. 2003,
Yamaoka et al. 2004) (Figure 1).

An earlier review by Akiyama (Akiyama 1995)
summarized radiation-associated changes in various
immunological parameters and listed a number of
diseases possibly related to dysfunctional immune
systems of the A-bomb survivors. This report
attemnpts to extend the information presented in this
earlier review by providing new insights into im-
munological mechanisms underlying radiation-
related diseases based on more current information.

We have recently obtained evidence that supports
the possible involvement of immunological altera-
tions in select types of late-arising diseases in
A-bomb - survivors. Accordingly, this manuscript
summarizes data on how A-bomb radiation exposure
may have caused long-lasting alterations in immu-
nological functions, and how the damaging effects of
A-bomb radiation on the immune system may be
linked to specific late-arising disease.

> 50 years
A-bomb

radiation

Acute
effects

Lymphocyte population alterations observed
in A-bomb survivers

Peripheral blood lymphocytes are composed largely
of various types of functionally mature cells, and
arise from common hematopoietic stem cells. It is
uncertain whether or not hematopoietic stem cells of
A-bomb survivors possess defects that affect produc-
tion of any particular type of descendant cells, even
though it is clear that these stem cells have genetic
lesions such as chromosome aberrations and somatic
gene mutations. Indeed, we have isolated both
functionally and phenotypically heterogeneous
mature lymphocyte populations from A-bomb survi-
vors, apparently indicating that they were derived
from genetically aberrant stem cells (Hakoda et al.
1989, Kusunoki et al. 1995, Nakano et al. 2004).
The ability of peripheral blood T cells to proliferate
in vitro, in the presence of sufficient exogenous
growth stimuli, did not appear to be affected by
A-bomb radiation (Kusunoki et al. 2001). Therefore,
alterations in the composition of A-bomb survivors’
peripheral lymphocyte populations are perhaps more
likely due to the effect of radiation on lymphocyte
differentiation, proliferation and/or cell death.
Lymphocyte subpopulations differ in size for men
and women, and with age. In order to more precisely

Late effects

Alterations of composition
and functions

Helper T cells

Ol

T-cell function CytokineS] '

Persistent
inflammation

8(88;1

tem cells

Figure 1. Acute and late effects of A-bomb radiation on the human immune systerm. The immune systemi was dose-dependently damaged in
A-bomb survivors; mainly due to radiation-induced ¢ell death; Several months after radiation expostire, the system regenerated as the
hematopoietic system had nearly recovered from the damage in the survivors. However, there still remain lymphocyte and hematopoietic
stem cell populations that bear radiatdon-induced DNA damage, such as somatic mutations and chromosome aberrations; even more than
50 years after radiation exposure. In addidon, we can still observe significant effects of the previous radiation exposure on lymphoid cell
composition and function in the immune system of the survivers, that is, a decrease of CD4 helper T-cell population in association with
attenuated T-cell function and an increase of B-cell population. Such radiation-induced alterations in the immmne system may lead to
persistent inflammation among A-bomb survivors. In support of this hypothesis; we have observed radxanon»dose—dependent increases in the

levels of inflammatory cytokines.
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understand how A-bomb radiation has reduced or
increased the proportion of lymphocyte subpopula-
tions, effects of gender and age are necessarily
included in analyses. Effects of gender, age, and
A-bomb radiation dose on major lymphocyte sub-
populations in subgroups of A-bomb survivors are
listed in Table 1.

(1) Cluster of differentiation (CD)- 4 and
CD8 T-cell populations ’

Peripheral blood T cells are composed primarily of
CD4 and CD8 T cells that recognize antigens
presented with major histocompatibility complex
(MHC) class-II and class-I molecules, respectively.
The main effector functions of CD4 T cells are to
activate macrophages in cell-mediated immune
responses, and to promote B cell antibody produc-
tion in humoral immune responses; the effector
functions of CD8 T cells are to recognize and kill
host cells infected with viruses or other intracellular
microbes. The proportion of CD4 T cells in
peripheral blood lymphocyte populations was found
to be significantly lower in males than females, and to
decrease with age (Table I). The proportion of CD8
T cells showed a similar gender difference, but did
not change with aging. Statistical analysis using
gender- and age-adjusted values for individuals
revealed a radiation-dose dependent decrease in the
proportion of CD4 T cells. A similar effect of

Effects of A-bomb irradiation on the immune system 3

radiation on CD4 T-cell populations has been
reported in different subgroups of Hiroshima survi-
vors (Kusunoki et al. 1998, Kusunoki et al. 2002a,
Kusunoki et al. 2003, Yamaoka et al. 2004). On the
other hand, no significant radiation effect has been
observed in the proportion of the CD8 T-cell
population (Kusunoki et al. 1998, Kusunoki et al.
2002a, Kusunoki et al. 2003, Yamaoka et al. 2004).
These findings suggest a possible long-lasting effect
of radiation that could be important in the immuno-
logy of disease development in A-bomb survivors.

(2) Naive and memory T-cell populations

It is widely accepted that the peripheral T-cell system
comprises two distinct T-cell populations: (i) naive T
cells — which have not encountered antigen exposure
since their maturation, and (ii) memory T cells —
which mediate rapid and enhanced (i.e., memory)
responses to second and subsequent exposure to
antigens (Goldrath & Bevan 1999). These popula-
tions seem to contribute differently to immunologi-
cal defense against infections, each with a different
and diverse repertoire of antigen recognition machi-
neries (Goldrath & Bevan 1999). Among our study
populations, it is apparent that the proportion of
naive T cells declines with age and with radiation
dose, and that these trends are significant for both
CD4 and CD8 T-cells (Table I). A decrease in the
number of naive T-cell populations has also been

Table I. How A-bomb radiation altered composition of lymphocyte subsets.

Effects A
Study period and number
Lymphocyte subsets Gender Age (10 years) Radiation (Gy) of study subjects® (N) Reference
T cells : .
CD4 Total F>M (5%)* = Decrease (5%)*  Decrease (2%)* 19921995 (723) Kusunoki et al. 2002a
Naive
CD45RAY F>M (3%)* Decrease (8%)*  Decrease (5%)* 1992-1995 (723) Kusunoki et al. 2002a
CD45RO~/CD62L* NsP Decrease (25%)* Decrease (9%)* 20002003 (533) Yamaoka et al. 2004
Memory
CD45RA™ F>M (8%)* NS NS 19921995 (723) Kusunoki et al. 2002a
CD45ROY/CD62L" F > M (10%)* -. Decrease (11%)* NS 20002003 (533) Yamaoka et al. 2004
CD45ROT/CD62L.- F>M (7%)* Increase (8%)* NS 2000-2003 (533) Yamaoka et al. 2004
CDS8 Total NS NS NS 19921995 (723) Kusunoki et al. 2002a
Naive
CD45RO™/CD62LY F> M (19%)* Decrease (35%)* Decrease (8%)* 2000-2003 (533) Yamaoka et al. 2004
Memory
CD45RO*/CD62L* NS NS Increase (12%)* 20002003 (533) Yamaoka et al. 2004
CD45RO7/CD62L- M >F (12%)* Increase (6%)™  Increase (8%)* 2000-2003 (533) Yamaoka et al. 2004
B cells F> M (5%)* - Decrease (7%)* Increase (8%)* 1988-1992 (411) Kusunoki et al. 1998
NK cells M > F (20%)*  Increase (21%)* NS 19881992 (411) Kusunoki et al. 1998

2Study subjects were selected from participants in the Adult Health Study (Kodama et al. 1996b) of the Radiation Effects Research
Foundation (RERF) in Hiroshima, distributed almost equally by age, gender, and dose. ®Not significant (p > 0.1). Associations of
percentage of each lymphocyte subpopulation (percentage) with age at the time of examination (age), gender, and the radiaton dose (dose)
were analyzed based on a following multiple regression model (Kusunoki et al. 2001), assuming that the percentage of each lymphocyte cell
subpopulation related to each explanatory variable in a logarithmic manner, log(percentage) =a -+ Biage+ Pogender + Badose, where gender=0
for male and = 1 for female. The numbers in parentheses denote % changes between gender, per 10 years, or per Gy; *p < 0.05, “4p < 0.1.
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observed in other studies, such as radiotherapy
patients (Watanabe et al. 1997). A plausible mechan-
ism for this radiation-induced effect is that the naive
T-cell pools are depleted as a result of an insufficient
input of new T cells from the thymus from which the
majority of the naive T cells develop. Reduced
production of naive T cells may compromise the
host’s ability to mount an effective immune response
to microbial challenge not previously experienced by
the host.

While the percentages of memory CD4 T cells did
not significantly change with radiation exposure, the
percentages of memory CD8 T cells in A-bomb
survivors did increase, and significantly so with
radiation dose (Yamaoka et al. 2004). This change

‘was not simply the result of a clonally driven
expansion of CD28~ and CD57t CD8 T-cell
populations that occur frequently in older individuals
(Yamaoka et al. 2004). Although the basis for this
differential radiation effect in memory CD4 and
CD8 T-cell populations is uncertain, it is likely due
to different regulatory processes by which memory
CD4 and CD8 T-cell pools maintain their size
(Mackall et al. 1997).

(3) Other ymphocyte populations

B cells represent the second major class of lympho-
cytes that comprise the adaptive immune arm of the
host. Plasma cells that differentiate from B cells
produce antibodies to protect against infections by
microbes and to eliminate extracellular pathogens,
usually in response to antigenic stimuli, and they do
this with the help of T cells. In a manner similar to T
cells, the proportion' of B cells in peripheral blood
lymphocyte population significantly decreased with
age, and was higher in females than in males

(Table I). However, in contrast to the effects.of .

radiation on CD4 and naive T-cell populations, the
proportion “of B cells' in the peripheral blood
lymphocyte fraction increased as the intensity of
radiation exposure increased (Kusunoki et al. 1998).

Unlike: Trand B cells,  the number of CD3™
CD16"CD56™ natural killer (NK) cells that mediate

innate immune responses to some types of viruses
and cancers increase with age and was higher among
males than females (Table I). However, no signifi-
cant effect from A-bomb radiation on the proportion
of NK cells has been observed (Kusunoki et al.
1998).

Recent studies have indicated that CD4TCD25%
regulatory T cells play crucial roles in suppression of
host immune responses, especially the responses to
self antigens (von Herrath & Harrison 2003). NK T
cells that share properties of both NK and T cells
and that are defined by the expression of a peculiar
T-cell receptor (TCR) Va chain encoded in humans
by the homologue invariant Vx24-%¢Q gene rearran-
gement have also been suggested to play a pivotal
role in the interplay between innate and acquired
immune responses by directing the polarization of
T-cell function toward T-helper type 1 (Thl) or type
2 (Th2) pathways (Taniguchi & Nakayama 2000).
The lymphocytes fraction exhibiting CD3"CD16"
CD56" phenotype contains NK T cells, and this
fraction was found to increase in the blood of
individuals who participated in cleanup activities
for the Chernobyl accident (Kuzmenok et al. 2003).
However, our previous examination regarding the
CD3" CD56" T cell population (which also con-
tains NK T cells) in A-bomb survivors did not reveal
any significant association with radiation dose
(Kusunoki et al. 1998). It remains to be seen
whether radiation exposure affects these important
lymphocyte subsets.

Lymphocyte function alterations observed
in A-bomb survivors

Table II lists effects of A-bomb radiation on
lymphocyte functions that we have observed among
subgroups of A-bomb survivors.

(1) Cell-mediated tmmunity

There are dose-dependent decreases  in . T-cell
responses.to- mitogens, such as phytohemagglutinin
(PHA), allcantigens {mixed lymphocyte reaction,

Table II. Radiation-related alterations in cellular immune functions among A-bomb survivors,

Radiation-related alteration®  Study period and number of study subjects® (N)

Reference

Cell type  Function

T cells PHA response ‘Deciease
‘MLR :Decrease
IL-2 production. . Decrease
SAg response Decrease

NKcells: “K562 cell'tysis NS~

19741977 (683)
19841985 (139)
19881992 (410)

- .1992-1995 (723)

1983 -1986°(1316)

Akiyama et al. 1983

Akiyama et al. 1989

Kusunoki et al. 2001
..Kusunoki et al. 2002a

‘Bloom etal; 1988:

“Radiation-related alterations were analyzed using a'standard saultiple regression method with adjusting for gender and-age. ®Study:subjects
were- selected from: participants: in: the  Adult Health Stidy in Hiroshima; idistributed almost: equally by age, gendery-and dose.. PHA,
phytohemagglutinin; MLR; mixed:lymphocyte reaction; 112y interleukin-2; SAg; superantigen; Ab, antbody; NI, natural killer;: NS, not

significant. :

—504—



MILR), and superantigen (SAg) staphylococcal en-
terotoxin, in A-bomb survivors (Table II). These
functional alterations are consistent with our ob-
servations of compositional shifts of T lymphocytes
of A-bomb survivors (Table I), e.g., the decrease in
the proportion of CD4 helper T-cell population. The
T-cell proliferative responses to SAgs positively
correlated with the CD45RA-positive (naive) CD4
T-cell percentages, but not with the CD45RA-
negative (memory) CD4 T-cell percentages
(Kusunoki et al. 2002a). The radiation dose-
dependent reductions in T-cell responses to mito-
genic stimuli that are observed in A-bomb survivors
are likely to be associated with a decrease in the
proportion of naive CD4 T cells, i.e., the observed
alterations of T-cell functions may be due to reduced
numbers of T cells resulting from a radiation
exposure-induced insufficiency in generating new T
cells (Kusunoki et al. 2002a). Increased losses of
naive CD4 T cells following their transit into
memory CD4 T-cell pools, and/or as a consequence
of radiation-induced apoptosis may also be respon-
sible in part of reduced numbers of T cells. A study
using limiting dilution analysis revealed an A-bomb
radiation-dose-dependent decrease in the percen-
tages of T cells capable of producing interleukin-2
(IL-2) (Kusunoki et al. 2001). By contrast, similar
limiting dilution analyses did not show significant
dose-response relationships for T cells and their
proliferating ability in response to exogenous
mitogenic stimuli, including recombinant IL-2
(Kusunoki et al. 2001). In this study, we first assu-
med that CD4 T cells were the cells primarily respon-
sible for producing I1-2, and then estimated how
many cells in the CD4 T-cell population under test
were actually producing IL-2. The results indicated
that CD4 T-cell populations of the survivors con-
tained significandy fewer IL~2 producing cells than
those of controls, suggesting that the decreases in the
IL-2-producing cell fractions we have observed in A-
bomb survivors may not be entirely a function of
decreases in' CD4 T-cell numbers, and may be partly
due to deficits in IL~2 production among the CD4 T-
cell populations of individuals. It may therefore be
that I1-2 production per se has'in fact been reduced by
A-bomb radiation exposure.

(2). Humoral immunity

Earlier studies: in- the 1970s did not detéct any
significant radiation effects on the levels of circulat-
ing " immunoglobulins (Ig)+ in* A~bomb survivors
(reviewed in Akiyama 1995). However, a large-scale
study (Fujiwara et al. 1994) revealed radiation-dose-
dependent ‘increases- in IgM' (in" both males and
females) and IgA' (in females) levels. Another study
has demonstrated in a subset of Hiroshima survivors
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that IgM, IgG and IgA levels tend to increase with
radiation dose (Hayashi et al. 2005). The positive
results from these two recent studies may be largely
attributable to improvements in assay systems that
provide for more sensitive measurements. The
reason for this enhanced B-cell immune response in
the survivors is unclear: It may be that an increased
inflammatory reaction, due to a deficit of helper T
cells, is involved in the enhanced B-cell responses of
survivors. Recently we found that there was a positive
association between C-reactive protein (inflamma-
tion marker) and anti-Chlamydia pneumoniae anti-
body levels especially in more heavily exposed
(>1 Gy) A-bomb survivors, although the antibody
levels appeared to decrease with radiation dose
among a total survivor population examined
(Hakoda et al. 2006). This suggested that the dimini-
shed immune response to Chlamydia pneumoniae
might be related to chronic inflammatory reactions,
which is likely a reflection of an active state of
infection in those survivors exposed to relatively high
doses. Alternatively, elevated Th2 cytokines levels
such as IL-6 levels (Hayashi et al. 2003b) may be
associated with enhanced antibody production in A~
bomb survivors. However, it is unlikely that A-bomb
irradiaton has shifted the balance of regulatory
mechanisms in favor of Th2 immunity (see below,
subsection 3) Th1/Th2 balance).

Prevalence of hepatitis B virus (HBV) carriers
appeared to be increased among A-bomb survivors
(Kato et'al. 1983, Neriishi et'al. 1995). This obser-
vation has fully been confirmed in a recent study
(Fujiwara et al. 2003) where the seropositive rate of
HBV surface antigen (FHBsAg) has been analyzed,
along with' information about blood transfusions,
family history of liver ‘disease, and HBV antibody
status, Interestingly, the proportion  of - HBsAg-
positive - persons -among “those - positive for either
HBsAg, or surface or core hepatitis B antibody was
found to be significantly increased in the more heavily
exposed individuals, especially in those individuals
who had received blood transfusions (Fujiwara et al.
2003). This result suggested that the prior-A~bomb
irradiation might have negatively affected the-ability
of the individuals® immune systém to eliminate HBV
infection, possibly acquired by transfusion. By con-
trast, hepatitis- C virus (HCV)' infections  were not
influenced by the extent of irradiation, as reflected by
the exposure-independent prevalence of anti-HCV,
ant-HCV titers among A-bomb survivors (Fujiwara
et al. 2000). Although cell-mediated immunity is
thought to play a critical role in the clearance and
control of hepatitis virus, whether any alterations of
lymphocyte populations and functions are involved in
the anti-hepatitis virus antibody response, or in virus-
mediated ' liver - pathogenesis, have not yet been
addressed among A-bomb survivors.
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It has been reported that there was increased
prevalence of high titered antibody responses to the
early antigen of Epstein-Barr virus (EBV) among A-
bomb survivors, suggesting a possible frequent reoc-
currence and reactivation of EBV (Akiyama et al.
1993). However, no radiation-dose-dependent altera-
tions were noted in the prevalence of antibody
responses to either EBV capsids or EBV nuclear
antigens (Akiyama et al. 1993), human T lympho-
tropic virus type I (Matsuo et al. 1995), or cytomega-
lovirus (Hakoda et al. 2006). The frequency of finding
antibody to Chlamydia pneumoniae, but not to Helico-
bacter pylori, appeared to decrease with radiation dose
among A-bomb survivors (Hakoda et al. 2006). Viral
and bacteria infections in infants generally contracted
prior to irradiation are thought to persist throughout
life, and to occasionally induce chronic inflammations
and cancers. Associations between humoral immune
responses to these microbial infections and diseases
risks among A-bomb survivors remain ill-defined and
need to be more thoroughly investigated.

(3) Th1/Th2 balance

From the viewpoint of the Th1/Th2 paradigm — and
based on the observations mentioned above — we
have hypothesized that A-bomb irradiation triggered
decreases in cellular immune responses controlled by
Thl cells while augmenting humoral immune
responses controlled by Th2 cells (Kusunoki et al.
2001). This hypothesis was investigated by measur-
ing levels of plasma cytokines related to Thl- or
Th2-dominant  status. and by - enumerating - the
numbers of Thl and Th2 cells in the peripheral
blood: using cell- surface markers for chemokine
receptor,  CXCR3 and . prostaglandin D . receptor,
CRTH2, respectively. (Cosmi . et al. 2000). Results
obtained indicated radiation-dose dependent eleva-
tions of . cytokine levels for both. the Th2-related
cytokine, II-6, and for the Thl-related: cytokines,
interferon~y . (IFN-y) ' and tumor necrosis. factor-o
(I'NF-0)  (Hayashi et al. . 2005). .These results
indicated that the A-bomb. survivors. had enhanced
production- of inflammatory. cytokines, but not.a
Th1/Th2 imbalance. No significant effect of A-bomb
irradiation has been found on the ratio between Th1l
and . Th2 cells: (unpublished = observation).  Even
though: A-bomb survivors appeared: to have T cells
that: havea  diminished  ability - to: produce. 1L-2
(Kusunoki et al. 2001), it is unlikely that the A-bomb
irradiation. has significantly shifted. the host T-cell
immunity in favor of either Thl or Th2 cells.

(4 Innate zmmumzy

The innate immune system is composed of a vanety
of distinct ceilular and :non-cellular. components,

including; epithelial cell barriers; phagocytic cells
such as neutrophils, dendritic cells, and macro-
phages; NK cells; the blood complement system; and
cytokines, primarily made by mononuclear phago-
cytes. Earlier studies on functions of blood phago-
cytic cells did not show any radiation effects among
the A-bomb survivors (reviewed in Akiyama 1995).
Similar to the observations on the concentration of
blood NK cells in A-bomb survivors, we could not
detect any significant radiation effect on NK cell
activity when tested for cell-mediated cytotoxicity
against K562 target cells i vitro (Bloom et al. 1988).
A study by Neriishi et al. has shown that blood
leukocyte counts significantly-increased with_radia-
tion dose in A-bomb survivors (Neriishi et al. 2001).
Plasma levels of mononuclear phagocyte-associated
inflammatory cytokines, IL-6 and TNF-o, were
found to be higher in more heavily exposed survivors
(Hayashi et al. 2005). The innate immune system is
quite responsive to exogenous stresses, e.g., acute
infections, mental stress; therefore, the assessed
parameters of innate immunity were likely affected
by time of examination, and by variable health status
of individuals under test. It is recognized currently
that innate immunity provides to the host not only a
powerful early defense mechanism against infections,
but also serves. to instruct the adaptive immune
system. and associated T and ‘B lymphocytes to
respond to infectious . microbes (Iwasaki &
Medzhitov 2004). Unfortunately however, the
long-term effects of prior acute irradiation on the
innate immune system, and on its interaction with
adaptive .immunity, have not systematically been
investigated.

(5) Autoimmunity

Previously, it was reported that autoimmune hypo-
thyroidism increased in Nagasaki A-bomb survivors
who . were  exposed - to . approximately - 0.7 Gy
(Nagataki et al: 1994). However,. more recently
Imaizumi . et - al. . reported  finding - no . significant
dose-response . relationship . for. positive -antithyroid
autoantibodies, antithyroid antibody-positive : hy-
pothyroidism;: or. Graves® disease in Aé_bomb survi-
vors from Hiroshima and Nagasaki that had been
comprehensively analyzed with advanced screening
techniques to diagnose these thyroid diseases (Im-
aizumi et al. 2006). As already summarized in an
earlier review (Akiyama :1995), there has been no
clinical or epidemiolegical evidence that supports:the
idea that there is an increase of autoimmune disease
among. -A-bomb.. survivors.: Lack -of an  obvious
radiation . exposure-related -imbalance - of - the: Thl/
Th2 immune response is consistent with the lack of
finding: on significant adverse autoimmunity within
A-bomb. survivors; :
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Possible perturbation of T-cell homeostasis
in A-bomb survivors

In the T-cell system, a constant supply of phenoty-
pically diverse lymphocyte subsets is maintained,
despite the emergence of new lymphocytes and the
tremendous expansion of individual clones that
occur in response to antigens. This homeostasis in
the T-cell system is achieved by the balance between
renewal and death among naive and memory T cells,
and by the independent maintenance of the size of
these T-cell populations (Goldrath & Bevan 1999)
(Figure 2A). Although maintenance of both naive
and memory T-cell pools is essential in protecting
the host against invasion by pathogens, the ability to
accurately maintain these pools is believed to decline
with age (Pawelec & Solana 1997). In the elderly, the
naive T-cell pool decreases due to reduced produc-
tion of new T cells in the thymus so that responses to
antigens are impaired when compared with younger
individuals (Miller 1996, Mackall & Gress 1997,
Rufer et al, 2001) (Figure 2B). Although the size of
the memory T-cell pool remains relatively constant,
regardless of age, a fraction of these cells occasionalily
and preferentially will proliferate, resulting in clon-
ally expanded populations within the: memory T-cell
pool of older individuals. If such clonally expanded
subpopulations appear and constitute a major frac-
tion of the memory T-cell pool, this may result in
distortions of the antigen recognition repertoire of
memory T-cell population. However, it remains to
be determined whether such T-cell alterations lead
to the attenuation of immunological memory as
related to microbial defense.

It is likely that naive CD4 and CD8 T-cell pools of
A-bomb survivors are not properly maintained, as the
numbers of naive CD4 and CD8: T cells are lower
than those in unexposed controls of the same age;
this despite more than 50 years after the bombing
(Table I) (Yamaoka et al. 2004). This could mean
that the naive T-cell pool was compromised after
radiation-induced damage. of the T-cell system, and
never fully recovered (Figure 2C). In contrast,
memory T-cell pools of A-bomb survivors appeared
to be almost normal (CD4) or larger (CD8) in size
than in controls (Yamaoka et al: 2004). However, we
have demonstrated that the extent of the deviation of
T-cell receptor repertoire’ of memory CD4 T cells
significantly increased with radiation dose and greater
in individuals who were older at the time of the
bombing (Kusunoki et -al.. 2003). This deviation
might be associated with the presence of large clonal
populations, since spectratyping of TCR Vf genes for
several A-bomb survivors who exhibited large devia-
tions of memory CD4 T-cell V§ repertoire showed
that there were clonally expanded memory CD4
T-cell populations (unpublished observation).

Effects of A-bomb irradiation on the immune system 7

We suspect that A-bomb irradiation may have
resulted in preferential expansion of memory CD4
T-cell clones that might have existed at the time of
the bombing (Figure 2C), and have previously
obtained evidence from a study of the progeny of
a hematopoietic stem cell bearing a unique mutation
that supports this plausible scenario (Kusunoki et al.
2002b). Such clonal expansions may be related to
high (and perhaps overly prolonged) cytokine pro-
duction in response to radiation-induced damage
plus exposure to previously encountered or cross-
reactive antigens that activate specific memory T
cells during the time of excessive cytokine produc-
ton. It is of course possible that confounding
factors, such asinfections or other stresses, had
additional adverse effects on the maintenance of
memory T-cell pools in the survivors. Thus, our
current interpretation of long-lasting alterations in
the T-cell system of survivors is that previous radia-
tion exposures may have reduced the individuals’
ability to produce new T cells and to maintain a
fully diverse repertoire of helper T-cell memory.

As for memory CD4 T cells, significantly increased
deviation of T-cell receptor repertoire of was observed
only in survivors who were 20 or more years old of age
at A-bomb exposures (Kusunoki et al. 2003), indicat-
ing different effects of irradiation depending upon the
age. at exposure (Figure 3). It is likely that memory
CD4 T-cell pools of adults contain clonally expanded
cell populations more frequently than those of children
as a consequence of much more experiences of expo-
sures to foreign antigens than children (Figure 2b).
Restoration of memory CD4 T-cell pools would
therefore have accompanied expansion of clonal
populations, namely the deviation of T-cell receptor
repertoire, more frequently in adults than children.

The perturbed T-cell homeostasis within A-bomb
survivors seems to resemble that of normal aging
people, i.e., reduction in the size of naive T-cell
pools and deviation in the repertoire of memory T-
cell pools. Various studies using mice have also
reported age-dependent decrements in the capacity
of adult stem cells to repopulate T-progenitor cell
pools (Hirokawa et al. 1992, Morrison et al. 1996),
and to restore deficiencies in thymic functions that
are involved in the production of mature T lympho-
cytes (Hirokawa et al. 1992, Mackall et al. 1998). It
seems reasonable that such declines would tend to
ensure that the restoration of peripheral T-cell pools
becomes more dependent on the expansion of
mature T cells in older hosts than younger ones
(Hirokawa et al. 1992). Thus it can be argued that A-
bomb irradiation accelerated the natural processes
associated with immunological aging. Of particular
interest is that a similar aging accelerated by A-bomb
radiation has been postulated for cancer develop-
ment (Pierce & Mendelsohn 1999).
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Figure 3. Evaluation of T-cell repertoire of memory CD4 T-cell
population by determining to what extent any individual’s value
for the percentages of T cells expressing specific TCR V§ families
deviates from the average value for all subjects. The data in this
figure are taken from those presented in a previous study
(Kusunoki et al. 2003). A total 710 survivors were analyzed for
their TCR Vf repertoire deviations. The values have been adjusted
to those for males who were 10, 20, or 30 years of age at the time of
the bombing (ATB), and plotted against radiation dose. The T-
cell receptor repertoire in the memory CD4 T-cell populations
diverged significantly from the population average for counterpart
families, especially in individuals who had been exposed to higher
doses and were at least 20 years of age ATB (p < 0.05).

Does A-bomb radiation-induced damage

Effects of A-bomb irradiation on the immune system 9

Nevertheless, these variations are markers of disease
risk and do indeed serve to indicate individual’s
likelihood of contracting a given illness. They are not
diagnostic by nature and do not indicate specific
illness. Current understanding is that subclinical
changes in the levels of some inflammatory para-
meters can be associated with increased risks of
specific diseases, even when the changes are within
normal ranges but significantly deviate from average
values (Park et al, 2002, Cesari et al. 2003, Spranger
et al. 2003). It is reasonable to assume that the more
severe the aging and/or radiation-associated pertur-
bations of individual’s immune system are, the higher
the disease risk will be for the individual (Figure 4).
Statistically : significant -associations between in-
flammatory biomarkers (leukocyte count, erythro-
cyte sedimentation rate, alpha 1 globulins, alpha 2
globulins, and sialic acid) and radiation dose have
been reported in A-bomb survivors (Neriishi et al.
2001). To test whether defects in CD4 helper T-cell
activities in A-bomb survivors are related to inflam-
matory responses, we measured levels of inflamma-
tory cytokines and C-reactive proteins (CRP) in
plasma samples from a group of survivors (Hayashi
et al. 2003b). We found a strong positive correlation
between I1-6 and CRP levels relative to radiation
dose, and a negative correlation between plasma
I1-6 or CRP level and the percentage of peripheral

blood CD4 T cells. These results could be inter-
preted to mean that sub-clinical inflammatory status
is associated with a decrease in the percentage of
CD4 T-cells.

There is emerging evidence that inflammatory
processes are important in the development of
atherosclerosis (Ross 1999). The pathological evid-
ence is strong and recent large-scale epidemiological

of the immune system lead to disease
development?

As most of these immunological effects are relatively
small (change of a few percent per Gy of exposure)
(Table D), it is difficult to envision, let alone prove,
that such slight changes in the immune system could
promote vulnerability to any particular disease.

<

Figure 2. T-cell homeostasis is likely to be perturbed by aging and/or radiation exposure. Letters indicate T cells with different antigen
specificities. (A) T-cell homeostasis involves the maintenance of a balance between renewal and death among the naive and memory T-cell
populations. The naive T-cell pool is primarily maintained by the inflow of T-cell populations that have acquired diverse receptors for
recognition of various peptides associated with self MHC molecules in the thymus (education). Once the immune system encounters an
antigen, a population of T cells in the naive T-cell pool will recognize the antigen and proliferate, but most of the cells that proliferate will
die, with only a few entering the memory T-cell pool after the immune response has run its course (primary response). T cells in the memory
pool can be recalled by antigens that have previously been encountered by the immune system (secondary response). A secondary response is
usually more rapid and vigorous than a primary one. Although only a few memory T cells return to the memory pool after the secondary
immune response has run its course, the overall pool for a specific antigen is now larger than it was after the primary response. (B) Our ability
to maintain both naive and memory T-cell pools is believed to decline with age. In older people, the naive T-cell pool becomes reduced in
gize as a result of diminishing rates of production of new T cells in the thymus, so their response to antigens that have not previously been
encountered (i.e., antigen X in this figure) begins to be impaired in comparison with those of younger individuals. Although fewer naive T
cells move into the memory T-cell pool, the size of the memory T-cell pool is nonetheless constant even in aging individuals. However, some
cells proliferate preferentially, and clonally expanded populations frequently appear to arise in the memory T-cell pools of older individuals.
Thus, clonal populations often come to represent a considerable percentage of the memory T-cell pool; and this may lead to a distorted array
of immune responses to antigens, (C) Perturbation of T-cell homeostasis in A-bomb survivors supposedly resembles that in aged persons. A-
bomb radiation exposure may have damaged the ability of the thymus to produce naive T cells and subsequently resulted in reduced size of
the naive T-cell pool; T-cell responses to antigens that have not previously been encountered (i.e., antigen X in this figure) may be associated
with increased risk of infection-associated diseases and possibly with smoldering inflammation that may link to increased risk of particular
diseases such as myocardial infarction. The maintenance of memory T-cell pool may have also been perturbed by A-bomb radiation
exposure. Although the size of memory T-cell pool is not reduced by A-bomb radiation exposure, emergence of clonal expansions of a part of
the memory T-cell population has frequently been observed in the memory T-cell populations of A-bomb survivors.
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studies suggest that even small increases in CRP
levels — accurate indicators of levels of
inflammation — may be an important risk factor in
inflammation, useful in predicting susceptibility to
myocardial infarction (MI), stroke or peripheral
arterial disease (Ridker et al. 1997, Koenig et al.

Disease risk

§ Low
]
=4
2
[
=
o
E
E High

A factor that can affect the immune system
(age, radiation dose, etc.)

Figure 4. A schematic model showing how 2 slight immunological
change may have caused an increased risk of disease. Each circle
represents an. individual value for any given immunological
parameter, and the line shows the regression between value for
the immunological parameter and a key environmental factor such
as radiation dose. The lower the value for the immunological
parameter an individual has come to possess as a consequence of
aging and/or radiation exposure, the higher the disease risk of the
individual.

Log (percentage naive CD4 T cells)

1999, Danesh et al. 2000, Mendall et al. 2000,
Ridker et al. 2000, Ridker et al. 2001). To try to
investigate the relationships between radiation-asso-
ciated immunological alterations and diseases, we
investigated whether or not any immunological
changes in A-bomb survivors were associated with
the pathogenesis of cardiovascular diseases, includ-
ing MI. This investigation was based on studies
indicating that inflammation plays a role in this type
of cardiovascular disease. Furthermore, a radiaton
dose-dependent increase in relative risk of MI was
observed in an A-bomb survivor cohort where
extended, biannual health examinations have been
conducted (Kodama et al. 1996a, Yamada et al,
2004). The prevalence of MI was significantly
higher in individuals who had reduced CD4 T-cell
percentages (Kusunoki et al. 1999), especially in
those in which the size of naive CD4 T-cell
populations were relatively small compared to the
average value (Kusunoki et al. 2002a) (Figure 5). It
is therefore possible that the resulting reductions in
naive T-cell pool sizes might be related to certain
inflammation-associated  diseases in  A-bomb
survivors. As for inflasnmatory biomarkers, I1-6
levels were significantly higher in survivors with a
history of M1 than in those without such a history
(Hayashi et al. 2003b) (Figure 6). A similar elevated
trend in survivors with a history of MI was also

P <0.05

Dose {(Gy)

80 90 100

Age at measurement {yrs}

70

Figure 5. Proportion of peripheral blood CD45RA-positive natve €D4 T cells in A-bomb survivors (N = 723) with histories of myocardial
infarction’ (M1, closed larger symbols; #= 10) and those without such histories (open smaller symbols); Lines denote regression between
logarithmically wransformed naive CId T-cell proportion and radiation dose (lefr panel) or age (right panel), afier adjusting the proportions
for 66-year-old male {(laft'panel) or unexposed males (right panel); réspectively. A standard multiple regression method 'was used 16 regress
logarithmically rransformed naive CD4 T-cell proportion ‘on age at examination, gender, radiation ‘dose; and history of mvocardial
infarction. Estimated radiation doses were based on the 1986 Dasimetry System known as DS86; basically this involves calculating o free-in-
air radiation dose estirnate Tor the subject’s teported location and then adjusting the value obtained to veflect shielding information (Roesch
1987): Naive CD4 T-cell propartion issignificantly (p < 0.01) higher among females than males and has décreased with age (p < 0.01) and
dose (p < 0.01). Proportion of natve €D¢ T cells is sipnificantly (p < 0.05) lower in strvivors with myocardial infarction then in those
without. This figure is a represéntation of résults in'a previous study (Kusunoki et al. 2002b).
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found in levels of CRP (Hayashi et al. 2003b)
(Figure 6). A plausible interpretation is that the
decreased number of CD4 T cells may partly be
linked to the low-grade inflammation indicated by
increased levels of IL-6 and CRP. Such attenuation
of T-cell immunity associated with long-lasting
inflammation could lead to increased risk of certain
diseases such as MI in A-bomb survivors (Figure 7).
However, it is still possible that MI itself might be
responsible for noted defects in CD4 T-cell
population, and for the correlated increases in
CRP and IL-6 levels. Subjects have been analyzed
cross-sectionally and, hence, only the long-surviving
individuals have been evaluated, and not the total ‘at
risk’ population. Clearly prospective studies will be
required to test these hypotheses directly.

Conclusions and perspectives of immunology
studies on A-bomb survivors

In summary, A-bomb irradiation may have per-
turbed T-cell homeostasis, resulting in loss of T-cell
immunity. Such abnormalities in the T-cell system

da

IL-6 (pg/mL)
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may .cause chronic inflammation, and in turn, be
partly responsible for cardiovascular disease and
other gerontological-associated diseases of impor-
tance. The following issues should be addressed in
order to better understand, from an immunological
point of view, how A-bomb radiation has biologically
affected humans and has caused numerous diseases.
In this regard it is important to directly address
whether A-bomb irradiation has accelerated immu-
nological aging by perturbing T-cell homeostasis;
e.g., to confirm the increased rates of age-dependent
thymus dysfunction and the T-cell telomere length
shortening in exposed individuals. Longitudinal
analyses of the change in the various immunological
parameters will provide a suitable vehicle in better
understanding immunological aging in the A-bomb
survivors.

It is also important to characterize and document
these temporal, perhaps causal relationships between
radiation-induced perturbatons of T-cell homeosta-
sis and chronic inflammation leading to various
diseases in A-bomb survivors. Data obtained from
comparative, periodic measurements of serum

b ®* M| | P<0.05

P (mg/dL)

T4
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Figure 6. Plasma IL-6 (a, b) and CRP (c, d) levels in 453 A-bomb survivors Wlth histories of MI (closed larger symbols, 7= 12) and those
without such histories (open smaller symbols). Lines denote regression lines between IL-6 level and radiation dose (a) or age (b), and
between CRP level and radiation dose (c) or age (d): log(level) = a + B, (gender) + B(age) + P3(dose), where gender=0 for male and =1 for
female. I1-6.and CRP levels increase with radiation dose (» < 0.01), and there were age-dependent increases in both levels (p < 0.01). The
association between a history of MI'and IL-6 or CRP level was analyzed based on a multiple logistic model to adjust for gender, age, and
DS86 radiation dose. The levels are significantly (p=0.05) higher in survivors with myocardial infarction than in those without. This figure is

a representation of results in a previous study (Hayashi et'al. 2003b).
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Figure 7. A possible immunological mechanism playing a part in disease development in A-bomb survivors. A-bomb radiation may have
perturbed T-cell homeostasis, resulting in deficits of helper T-cell counts that are associated with reduced immune functions. Such
abnormalities in the T-cell system may cause long-lasting inflammation that could lead to the development of;, e.g., cardiovascular diseases.
Infections and other environmental factors such as lifestyle may further interact with the process of disease development.

cytokine levels and surface markers of lymphocyte
subsets in survivors, relative to the onsets of various
diseases, will be used as a longitudinal response
assessment tool, prospectively and retrospectively. In
addition, it is quite apparent that there are large
individual variations in the levels of immunological
and inflammatory markers (e.g., see Figures 5
and 6); Not all individuals who show reduced
immune functions and/or elevated inflammatory
biomarkers develop particular diseases. It is also well
known that both immune and inflammatory re-
sponses are controlled by an array of polymorphic
genes. Thus, differences in genetic backgrounds are
likely to underlie-individual differences in disease
susceptibility. Our preliminary study on a group of
A-bomb survivors in-Hiroshima suggests the possi-
bility that prevalence of type-2 diabetes may be
affected by radiation dose in individuals with a
particular human leukocyte antigen (HLA) type but
not in individuals with the other HLLA types (Hayashi
et al. 2003a). Such an immunogenetic approach
would very likely provide new insights into determin-
ing..the mechanisms by which acute, ionizing
radiation exposure causeés disease. A finding based
on genetic differences between individuals would be
more revealing than one based . on. conventional
phenotype. differences. If genetic differences within
the immunogenome can explain differences in

disease susceptibility, then it seems reasonable to
suggest that there is an immunological mechanism
involved - in - the development of this  particular
disease and perhaps others.
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Differences in Mortality and Incidence for Major Sites of Cancer
by Education Level in a Japanese Population
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PURPOSE: We aimed to examine the relationships between education and mortality and incidence for
major sites of cancer in a Japanese population.
METHODS: Subjects were 32,883 respondents of questionnaire survey in 1978 with ages younger than 75
. years. Cancer cases were ascertained through 2001, and causes of deaths were identified through 2003. Haz-
ard ratios of deaths from cancer or developing cancers were compared among those with 9 or less, 10-12, and
13 years or more of education using Cox proportional hazard models.
RESULTS: As for cancer mortality of all sites combined, a statistically significantly decreasing trend was
observed in age-adjusted models in both men and women, but no significant differences were observed in
multivariate-adjusted (age, body mass index, smoking, radiation dose, and city) models. Among major can-
cer sites (stomach, colon/rectum, liver, lung, and female breast) examined, a significantly decreasing trend
was observed for male liver cancer in a multivariate-adjusted model. As for incidence, a significantly de-
creasing trend was observed for cancer of all sites combined in men, and for male liver and prostate cancer
and female lung cancer in a multivariate-adjusted model.
CONCLUSIONS: Educational differences in cancer incidence and mortality were generally rather small,

but were significant for incidence for male all-site, male liver, prostate, and female lung cancers.
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INTRODUCTION

Socioeconomic¢ differences in cancer incidence and mortal-
ity (1-5) and in cancer survival (5-8) have been reported
from many countries. In Japan, several studies have been
conducted on these differences (9-15). A large cohort study
by Hirayama (included in the review by Faggiano et al. [1]),
consisting of 265,118 men and women, and followed up
from 1965 to 1982, did not show a consistent sociceconomic
trend in cancer mortality (12). Fujino et al. (9) examined
the associations between educational background and can-
cer mortality in another prospective cohort study, The Japan
Collaborative Cohort Study (JACC Study), and found
a ‘marginally significant. increase in mortality of stomach
cancer, as well as from all cancers (10) among men with
low levels of education. This is not the case for women,
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however. Cancer mortality data present difficulty in inter-
pretation because they are a function of cancer occurrence
and survival, which may both be influenced by socioeco-
nomic factors but differently. A registry-based cancer fol-
low-up study by Kato et al. (in the review by Kogevinas
and Portas [6]) did not find a significant socioeconomic dif-
ference in survival from stomach or colorectal cancer, but
ecological analyses of the Osaka Cancer Registry data indi-
cated socioeconomic differences in cancer mortality, inci-
dence, and survival (9=15). Thus the available Japanese
data are inconsistent regarding the association between so-
cioeconomic status and cancer. o

Cancer mortality and incidence can be examined simul-
taneously by linking cancer registry data with a defined co-
hort population, which has information on a socioeconomic
indicator (5, 8, 16, 17). The Life Span Study (LSS) cohort
was established to study late health effects of radiation expo-
sure among atomic bomb survivors in Hiroshima and Naga-
saki using mortality as an eénd point (18). A subset of this
cohort has also been linked with cancer incidence data
from the tumor registries in Hiroshima and Nagasaki. Since
moré than half (about 58%) of the cohort was not or was
only negligibly exposed to radiation from the atomic bombs
(i.e., at <5 mGy) (19), associations between factors other
than radiation and cancer incidence or mortality can also
be studied in this cohort.

1047-2797/08/$-see front matter
doi:10.1016/j.annepidem.2008.02.003
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Selected Abbreviations and Acronyms

LSS = Life Span Study

ICD = International Classification of Diseases
DCO = death certificate only

RERF = Radiation Effects Research Foundation
BMI = body mass index

The objective of this study was to examine socioeco-
nomic differences in incidence and mortality for all cancer
and all of its major sites, that is, stomach, colon/rectum,
liver, lung, breast (female only), and prostate. These cancers
represent the six common sites in cancer-associated mortal-
ity (20) and show contrasting mortality trends in recent de-
cades. Mortality has decreased in stomach cancer, but has
increased in colon/rectum, lung, female breast, and prostate
cancers. Liver cancer mortality has increased in the past, but
now appears to be declining. The variation in these trends
may be associated with an impact of differential socioeco-
nomic conditions on cancer site incidences.

SUBJECTS AND METHODS
Study Population

The LSS cohort, established in 1958, has 120,000 subjects
consisting of 94,000 atomic bomb survivors and 26,000 un-
exposed controls. The study design has been described in de-
tails elsewhere (18). For approximately 80% of the subjects,
radiation dose has been estimated individually by using the
DS02 system (19). Radiation dose estimates are available for
each of the cancer sites and were used to adjust for the radi-
ation effects on cancer incidence and mortality (19).

Questionnaire Survey

A lifestyle questionnaire was sent to 56,000 atomic bomb
survivors of all ages in the LSS cohort between June and No-
vember 1979. The response rate of the questionnaire was
72.5% (21). The questionnaire included questions about
past medical history, marital status, anthropometrical infor-
mation, smoking and drinking habits, a 22-item food fre-
quency questionnaire, occupation, and education.

The educational system in Japan had drastically changed
in 1947, soon after the war. Therefore different categories
were used for those who finished school before the end of
World War II or after the end of the war, for example, ele-
mentary school, junior high school, high school, college,
and university in a new education system. Then, we com-
bined old and new education categories into three according
to the years of education: 9 years or less, 10 to 12 years, and
13 years or more of education. Among 39,872 respondents of
the questionnaire, information on educational achievement
was not obtained from 2,797 respondents. Of the remaining
37,075 subjects of all ages, 32,883 subjects of ages 74 years or
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younger were the basis for the present study. Since the sub-
jects of the questionnaire survey were limited to the atomic
bomb survivors (unexposed controls were excluded), the
percentage of those exposed to lower than 5 mGy of radia-
tion dose was reduced to 43% from 58% of the entire cohort.
However, because of the skewed dose distribution, the me-
dian dose was 8.9 mGy.

Major Sites of Cancer

Topography and morphology of each cancer were coded ac-
cording to the first to the third versions of the International
Classification of Diseases—Oncology (ICD-QO), and converted
to ICD-9 and ICD-10 (ninth and tenth revisions, respec-
tively). The definition of each cancer was as follows: 140-
208 in ICD-9 and C00-C95 in ICD-10 for all sites of cancer,
151 in ICD-9 and C16 in ICD-10 for stomach cancer, 153-
154 in ICD-9 and C18-C21 in ICD-10 for colorectal cancer,
155 in ICD-9 and C22 in ICD-10 for liver cancer, 162 in
ICD-9 and C33-C34 in ICD-10 for lung cancer, 174 in
ICD-9 and C50 in ICD-10 for female breast cancer, and
185 in ICD-9 and C61 in ICD-10 for prostate cancer.

Follow-up

For the present study, the follow-up started on January 1, 1980
for men and February 1, 1981 for women because of the differ-
ence in the dates for completion of the questionnaire.

Mortality follow-up is carried out by regular checks on the
vital status of the LSS subjects through the Japanese family
registration system (Koseki), which provides complete cov-
erage for virtually all LSS subjects residing in Japan. The per-
centage of those lost to follow-up is about 0.1% (22). Copies
of death certificates are regularly obtained for all deceased
LSS subjects, and causes of death are coded according to
ICD-9 and ICD-10. Deaths that occurred up to December
31, 2003 were included in the present study.

Cancer incidence follow-up of the LSS is carried out by
means of the cancer registry system, which is considered
to be of high quality, as reported in the World Health Orga-
nization/International Agency for Research on Cancer re-
port (23). For death certificate only (DCO) cases, the date
of death was used as the date of diagnosis. First primary can-
cers that occurred up to December 31, 2001 were included in
the present study.

Statistical Analysis

Relative risks with 95% confidence intervals were estimated
for mortality and incidence by using 2 Cox proportional haz-
atd model (24), with attained age during the follow-up pe-
riod as the time scale-and with stratification by year of
birth (1905-1915, 1916-1925, 1926-1935, and 1936-
1945) to control for birth cohort effects (25). For mortality,
all observations were censored on the date of death or
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December 31, 2003, whichever occurred earlier. For inci-
dence, the observation was censored on the date of diagnosis
of any first primary cancer other than those of selected site,
the date of death, or December 31, 2001, whichever came
first. Age- and multivariate-adjusted hazard ratios were esti-
mated. The multivariate-adjusted model was adjusted for
age, body mass index (BMI) (continuous variable), smoking
(categorical variable of never, past, and current smoking),
and DS02 radiation dose estimates (continuous variable).
Proportionality hazards assumption was tested for all vari-
ables simultaneously by including main effect terms and in-
teraction terms with time-dependent variables (i.e., natural
logarithms of age). When the assumption was violated by
any variables, the subjects were stratified by the variables
or their interaction terms with time-dependent variables
were included in the model (26). The proportions of subjects
with missing observations were 1.9% for men and 4.1% for
women in BMI, 1.4% for men and 3.8% for women in ciga-
rette smoking, and 10.1% for men and 9.3% for women in
radiation dose estimates. Dummy variables were used for
these missing observations. Values of p for trend were calcu-
lated for the categories of education with values 1 (=<9
years), 2 (10-12 years), and 3 (=13 years). Calculations
were carried out with SAS software, version 9.1 (SAS Insti-
tute, Cary, NC).

Ethical Considerations

The conduct of the LSS was approved by the Human Inves-
tigation Committee of Radiation Effects Research Founda-
tion (RERF). The use of death certificates of the LSS
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subjects was approved by the Ministry of Internal Affairs
and Communications. The respective committees of Hir-
oshima City Cancer Registry, Hiroshima Prefecture Tissue
Registry, and Nagasaki Prefecture Cancer Registry approved
the use of cancer registry data for the present study.

RESULTS

Selected characteristics of the subjects by education cate-
gories are shown in Table 1. The number of women was
about 1.6 times larger than that of men, mainly because
most of the men, especially young men, were outside the cit-
ies at the time of the bombings. The percentages of those
with =9, 10-12, and =13 years of education were 36%,
44%, and 21% for men and 41%, 53%, and 7% for women,
respectively. Yeats of education were different between Hir-
oshima and Nagasaki for both men and women (p < 0.001),
probably because Hiroshima had been a larger and more ur-
banized city than Nagasaki. The percentages of those with
a radiation dose =5 mGy were higher with higher education
in men (p < 0.001). Those with =13 years of education
were younger and least likely to be current smokers for
both men and women. Those with =13 years of education
had the highest body mass index (BMI) in men, and the low-
est BMI in women. These differences by education in BMI
and the percentages of current smokers remained statisti-
cally significant even after adjusting for age. The percent-
ages of those with a history of cancer were significantly
different by education, but this difference was no longer
observed after adjustment was made for age (Table 1).

TABLE 1. Baseline characteristics by education among 32,883 respondents of mail survey in 1978 aged 74 years or younger in the Life

Span Study cohort, Hiroshima and Nagasaki

Education
Total =13yr 10-12 yr =9 yr p Value* p Vatue!

Men

No. 12,747 2,636 5,585 4,526

Age (yr), mean (SD) 50.3 (11.1) 47.1 (10.5) 48.9 (10.2) 539 (11.7) <0.001

Hiroshima (%) 70.9 76.8 72.8 65.1 <0.001 <0.001

Exposed to =5 mGy of radiationt (%) (n = 11,462) 65.1 68.2 66.4 61.6 <0.001 <0.001

BMI (kg/m?), mean (SD) (n = 12,507) 21.71(34) 22.2(3.0) 21.9(3.3) 21.3 (3.8) <0.001 <0.001

Current smokers (%) (n = 12,570) 66.0 62.4 67.0 66.7 <0.001 <0.001

History of cancer (%) 1.7 1.1 1.3 2.5 <0.001 0.22
Women

No. 20,136 1,345 10,610 8,181

Age (yr), mean (SD) 54.3 (10.7) 47.7 (9.8) 52.2(9.9) 58.2 (10.4) <0.001

Hiroshima (%) 73.8 76.3 71.0 68.7 <0.001 <0.001

Exposed to =5 mGy of radiation? (%) (n = 18,258) 65.0 65.0 65.6 64.3 0.19 0.36

BMI (kg/m?), mean (SD) (n = 19,319) 22.0(3.9) 21.5 (3.0) 21.9(3.5) 22.1(4.5) <0.001 <0.001

Current smokers (%) (n = 19,374) 12.6 7.8 10.7 16.0 <0.001 <0.001

History of cancer (%) 34 1.6 3.2 39 <0.001 0.80

SD = standard deviation; BMI = body mass index.

*Values for p by chi-square test for categorical variables and by analysis of variance for continuous variables.
tAge-adjusted p values (general linear model for continucus variables and logistic regression miodel for categorical variables).

iShielded kerma dose estimate.
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