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Abstract

We have previously shown that natural cytotoxic activity of
peripheral blood lymphocytes was inversely related to cancer
development based on a prospective cohort study, The genetic
fraction of cytotoxic activity needs to be clarified, identifying
individuals immunogenetically susceptible to cancer. A case-
control study within the cohort members was designed: 102
cancer cases with peripheral lymphocyte DNA available and
three control groups, each of which consisted of 204 subjects
with each tertile level of cytotoxic activity. We first compared
two control groups with high and low cytotoxic activity in terms
of the single nucleotide polymorphisms in the natural killer
complex gene region on chromosome 12p, identifying the
haplotype alleles that were associated with the activity. Next,
cancer risks were assessed for these haplotypes. We found two
haplotype blocks, each of which generated two major haplotype
alleles: low-activity-related LN¥K1 (frequency 0.478 and 0.615
in groups with high and low activity, respectively; P < 0.00008)
and high-activity-related HVK7 (0.480 and 0.348; P < 0.0001),
LNK2 (0.711 and 0.821; P < 0.0002), and HNK2 (0.272 and
0.174; P < 0.0008). These NKG2D haplotype alleles showed a
significant difference between cases (0.632 for LVKI and 0.333
for HNK1) and controls (0.554 for INKI and 0.406 for HNKI).
The haplotype HNKI/HNKI revealed a decreased risk of cancer
(odds ratio, 0.471; 95% confidence interval, 0.233-0.952)
compared with LNKI/LNKI. Individuals who are genetically
predisposed to have low or high natural cytotoxic activity can
in part be determined by NKG2D haplotyping, which in turn
reveals an increased or decreased risk of cancer development.
(Cancer Res 2000; 66(1): 563-70)

Introduction

The initial mechanism of cancer immunasurveillance is thought
to be a tumor-associated antigen nonspecific cytotoxicity that
involves natural killer (NK) cells. In numerous past laboratory
studies on cancer immunosurveillance, there were clear indications
of significant roles played by the natural cytotoxicity of various
lymphocytes in preventing the development of cancer (1-5) but it
was a difficult task to extrapolate these results to yield an estimation
of human cancer risk,. One of the most critical questions in
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immunosurveillance against cancer has been whether interindivid-
ual differences of natural immunologic host defense could predict
future development of common cancers, including those with no
known viral eticlogy, among healthy individuals. To answer this
question, we began a prospective cohort study among a Japanese
general population in 1986 using various immunologic and
biochemical markers measured at baseline. Using an 11-year
follow-up of this cohort study—where the cytotoxic activity
(measured at baseline by the isotope release method using K567 as
target cells) was categorized into high, medium, and low levels by
tertiles—we previously reported that individuals with high or
medium levels of natural cytotexic activity of peripheral blood
tymphocytes had a decreased risk of cancer development compared
with those with low cytotoxic activity (6). This was the first evidence
of the vital role played by natural immunologic defense in the
occurrence of common cancers among the general population (who
do not have obvious defects in their immune systems), indicating the
possible feasibility of cancer immunoprevention and the usefulness
of natural cytotoxic activity as a surrogate biomarker for this
prevention (7).

It seems unlikely that the wide variations of natural cytotoxic
activity among healthy individuals abserved in this cohort study
can be fully explained by environmental or lifestyle factors alone.
A cross-sectional analysis of cohort members estimates the
contribution of usual lifestyle to interindividual variations of
natural cytotoxic activity to be ~ 30% and selected healthy lifestyle
factors (e.g, not smoking, regular diet and sleep, proper body
weight, moderate physical activity, and less mental stress) are in
part associated with increased cytotoxic activity (8, 9). Given the
important implications of our previous findings, we feel it is
warranted to examine the genetic background underlying individ-
ual variations in natural cytotoxic activity, if such exists.

This study thus aims to identify the genetic factors associated
with natural cytotoxic activity and then to assess the cancer risk of
individuals who are predisposed to have low natural cytotoxic
activity based on a phenotype-genotype association analysis and a
case-control study within the cohort study. In this phenotype-
genotype association analysis, we focused on a 270 kb region within
an annotated region of ~2 Mb called the natural killer complex
{NKC} gene region 12pl3.2-p123 because this 270 kb region
contains important NK receptor gene loci, such as CD94 gene and
killer cell lectin-like receptor family genes (10). Of these, we found
that the NKG2D haplotypes revealed a significant association
with the natural cytetoxic activity of individuals. The NKXG2D gene
encodes an activating homodimeric C-type lectin receptor, which is
expressed on NK cells, CD8 P T cells, v& T cells, and activated
macrophages, and is located at the NK complex gene locus (11, 12).
The NKG2D triggers cell-mediated cytotoxicity in NK cells via the
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DAP10-phosphoinositol 3-kinase signaling pathway, upon the
recognition of their self-ligands, such as MICA, MICB, ULBPL,
and ULBP2, which are distantly related to MHC class 1 (11-16).
MICA and MICB are not usually expressed in normal cells but are
found at low levels on intestinal epithelial cells; they are induced by
cellular stress, typically in tumor or virus-infected cells (17, 18).
Recently, NKG2D was reported to be a key factor in priming T-cell
immunity as well as a primary cytotoxicity receptor (19).

Next, a case-control study was conducted within the cohort to
assess the risk of cancer development on the basis of the NKG2D
haplotypes: Results indicated that these haplotypes may be
associated with immunogenetic susceptibility to cancer develop-
ment. Along with these findings, our results also show an advantage
of malecular epidemiclogy cohort studies (ie., they make possible
the measurement of phenotype biomarkers that would potentially
be influenced by cancer and the subsequent genetic association
analyses for both phenotype biomarkers and cancer risk).

Materials and Methods

Study population. We conducted a case-control study within the Saitama
prospective cohort study, which began in 1986, with measurement of natural
cytotoxic activity of peripheral blood lymphocytes and other immunoiogic
markers among self-selected 3,625 individuals ages over 40 years living in a
town in Saitama Prefecture, Japan, who participated in yearly health checks
during 1986 to 1990 (accounting for ~ 40% of all residents of this age group).
We did a follow-up survey on cancer incidence and death from all causes up
to 2000: Cancer cases were identified primarily by death certificate and
national health insurance receipts, followed by confirmation of primary site,
histology, and date of diagnosis through inquiry at the hospitals. This study is
described in detail elsewhere (6, 9, 20, 21). Briefly, the cytotoxic activity
of peripheral lymphocytes was determined by SCr-release assay with an
effector-to-target ratio of 20 and incubation of effector and target cells for 3
hours 3¢ minutes, by using K562, a human myeloid leukemia cell line, as
target cells. On the basis of a follow-up study from 1986 to 1997, we previously
reported that individuals with high or medium cytotoxic activity revealed a
decreased risk of cancer development, with a relative risk of 0.59 [95%
confidence interval {Cl}, 0.40-0.87, estimated for both sexes] or 0.63 {95% CI,
0.43-0.92), respectively, when the cytotoxic activity (percent specific lysis)
was categorized by tertiles: <42%, 43% to 58%, and >58% for low, medium, and
high, respectively, among men; £34%, 35% to 51%. and >51% for low, medium,
and high among women (corresponding tertiles for men and women were

combined for the analysis of both sexes). Of 3,625 participants, a total of 2,063
individuals gave additional peripheral blood samples for DNA extraction.

In an extended follow-up study from 1986 to 2000, we identified 259 cancer
incidence cases in all sites, 115 of whom have lymphocyte DNAs available, OF
115 cancer cases with their DNAs available, we further excluded 13 cancer
cases who were ages over 75 years at the time of the assay of cytotoxic activity
or who were diagnosed within 2 years after the assay of cytotoxic activity, as
we had done in our previous analysis (6). The final total was 102 cancer cases
(54 men and 48 women) in all sites, with the most frequent cancers being
stomach (n = 19), lung (n = 8), and colorectum {# = 5) for men, and stomach
(n = 10}, colorectum {n = 6), and lung (n = 5} for women.

Assays for immunologic measurements and DNA extraction were done at
the health screening checks. DNA was obtained from the participants at
their second visit to the health screening checks during the baseline survey
because all blood samples at the first visit had to be used for immunologic
and biochemical assays. We compared cancer risk (based on tertile levels of
the cytotoxic activity) and natural cytotoxic activity between the groups
with and without DNA available. No significant differences were found
between them (data not shown). Epidemioclogic variables (smoking, alcohol
consumption, physical activity, body mass index, etc.) in cancer cases and
noncancer cohort members also showed no significant differences by the
status of DNA extraction. Therefore, we think that a selection bias, even ifit
exists, did not significantly influence our results.

Two controls, who were individually matched to one case with respect
to gender and age (+5 years), were randomly selected from each of the
trisected groups with low, medium, and bigh cytotoxic activity. The final
total was 612 controls comprising three groups (204 contrals each) with
low, medium, and high cytotoxic activity, who showed median 31%
(range 5-42%), 51% (43-58%), and 68% (59-90%) among men: 26% (8-34%),
43% (35-519%), and 59% (32-85%) among women.

This case-control study has two purposes: {a) identification of genetic
factors involved in individually differing cytotoxic activity and (&) estimation
of cancer risk for these cytotoxic activity-related genetic factors. The former
approach was undertaken by comparing the two control groups with low and
high cytotoxic activity in terms of frequencies of single nucleotide
polymorphisms {SNPs) in a 270 kb region within the NKC gene region on
chromosome 12p, called the phenotype-genotype association analysis. The
latter was undertaken by comparing cases and entire control groups (with
low, medium, and high cytotoxic activity) in terms of odds ratios (OR). The
baseline characteristics of cases and controls are shown in Table 1.

This study was approved by the Genome Ethical Committee at the
Radiation Effects Research Foundation.

Identification and genotyping of SNPs. The Celera Genomic database
{22, 23) was used to screen marker SNPs in the NKC gene region, along with

Tabie 1. Baseline characteristics of study subjects
Gender Cases Conirols selected from cohort members with trisecied natural cytotoxic activity
. High Medium Low
Men Women Men Women Men Women Men Women
{(n=54) (n=48) (n = 108} {n = 96) (n =108) {n =96) (n=108) (n = 96)
Age at entry (y}
40-49 3 9 6 18 6 18 6 18
50-59 15 20 32 40 34 40 32 40
60-69 31 17 63 34 60 34 62 34
70-74 5 2 7 4 8 4 8 4
Mean (SE} 61.6 (0.9) 57.1 (1.2) 60.6 (0.7) 57.3 {0.8) 60.7 (0.6} 57.3 (0.8) 60.8 (0.6) 57.4 (0.9}
Natural cytotoxic activity (percent specific lysis)

Mean (SE) 486 (2.3) 414 (2.5) 68.5 (0.7) 60.1 (0.7) 512 (0.4) 42.5 (0.6) 296 {0.9) 23.8 {0.8)
Range 83-18 89-18 90-59 85-52 58-43 51-35 42-5 34-8
Smokers (%) 32 (60.4) 2 {4.2) 62 (57.4) 4 (4.2) 70 (64.8) 2 (2.1) 72 (67.3) 6 (6.3)
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Table 2. Primers used for 20 SNPs

9 rs2246809
16 32617169
11 rs2617170
12 rs2617171
13 rs1971939
14 151915319
15 rsd763525
16 rs3003
17 rs1983526
18 rsl{772285
19 rs1915325
20 rs2607893

ACCCTTAAGAGAAAAGGCTTTCATGTAC
GGGATGCAAAATGATAATAAAATGTTTTGGG
TGACAATCATAATGTACCTTTCTGCATTCT
CCCAAGATAATATGCTGCTTCTGAAC
TCATTGCATATACCTAATGATACAAGTTCAACA

AGACATGCCTTTCATGTAAGCATAAAGA
TGTACTTTAGTAATTGTGTGCATCCTATTTCA
GGCCCTCTGAGGCACTAAATAG
AGCCTCAGTAATGGCAGATGC
TCACTGGTAAGTAAAGTGTAGTGTATCTGA
CACCTTATCCCAAGTGCATCAACT

NKC SNP ID Forward primer Variations Reverse primer
(NCB1}
1 rs3759272 TGGGCAAAACACAATGTTCAGAATT T/G GGGCGTCAACAAACGAATCTTG
2 rs2537752 TCTGGAGTCTATAAAATGTTTTTAAACAGTGTCA AT TCTCAAATGTAGGTGAACGAATTTCATCA
3 rsl(d9i74 CFGCCCATGAGGCAATTTCC C/G GGATCAGTGAAGGAAGAGAAGGC
4 rs2255336 CTGTAGCCATGGGAATCCGTTT A/G GCAATCTACTTCTCTGTTGTCACTTACA
5 rs2294148 AGAAACTAAACTAAACTACACAGAGGTTGC A/G GATGTGGAGTCAGACTTGAATTITTACTCA
6  rs2049796 AAGCATCTAAGAAACAATTAGAATTACCTTATAGTGTAAATAT C/A CAGGTGTGTGTATGTGTGTATGTGT
7 rs2617160 ATGACTAATGTAAAAGTAAAAAAGTCTGCAAACA AST GCCTTGAGTTCATATAATTACAATACACCAGT
8 rs7972757 TGATTGCCATTAAACCTTCCATTTCCT A/G GTCGTTAAAGGCATCGTTCCATCTA

GTATTCTGTATTTGACATAATATTACTAGTGGGAACAAT

A/G ACTGGTCATTCTGTATTGCCTGTTT

A/T  GGAGAAAAGGACATGCCCTCATAT

C/T CACTTTAATTTTTCTAGGTATTGGAGTACTGGA
C/G  TCTCTTAAAACATGTCTTTGAGTCATGAAATCA
C/G  GGCTCACTGGCCTGTCTT

A/G CTATTGGTGTTAAACATTTTTGAAGAATCTAACCTTA
A/G  CCTGGGAGTGGGATTGCT

C/T  GCCCAGTGTGGATCTTCAATGATAT

C/G  CAGAGTGGGATCTTTGGTTCATGAT

C/G  ACTGCCAGCAGAGCATTCT

A/G TGTTTATCATTTAGCCACACAAAAGAGC

T/IC  ACCAATGTAAAACCCATAGCACAGT

the detection of novel SNPs over the region using National Center for
Biotechnology Information (NCBI) database: In this region, over 1,300
SNPs have been registered in the Celera Genomic database and NCBI
database. We selected the 25 SNPs with allele frequency >10% among either
Caucasian or Japanese. After examining allele frequency in the swdy
population, we found that 20 of 25 SNPs actually showed a frequency >10%.
We then selected these 20 SNP loci, named NKC-1 to NKC-20, which
revealed variant allele frequencies >10% among our study population. The
sequences of the primers used for 20 SNPs are lsted in Table 2; the SNPs
fromn NKC-1 to NKC-20 cover CD94, NKG2D, NKG2E NKG2E, NKG2A, and
Ly49 genes, and the localization is shown in Fig, 14. Primers and probes
for these SNPs were designed using Primer Express software, version
2.1 (Applied Biosystems, Foster City, CA). The TagMan-Allelic Discrimina-
tion method was used for the detection of SNPs. All of the assays were
conducted in 384-weil PCR plates. The principle of TaqMan Real-Time PCR
assay system using fluorogenic probes and the 5 nuclease is described
by Livak (24). Amplification reactions {5 pL) were done in duplicate with
10 ng of template DNA, 1 X TagMan Universal Master Mix buffer
(Applied Biosystems), 300 nmol/L of each primer, and 200 nmol/L. of each
fluorogenic probe. Thermal cycling was initiated with a 2-minute
incubation at 50°C, followed by a first denaturation step of 10 minutes at
95°C, and then by 40 cycles of 15 seconds at 95°C and of I minute at 60°C,
After PCR was completed, plates were brought to room temperature, read in
an ABI PRISM 7900 Sequence Detection System (Applied Biosystems), and
results were analyzed using the Allelic Discrimination software.

Haplotype analysis and risk estimation. The linkage disequilibrium
was estimated by relative linkage disequilibrium coefficients ('), r” values,
and the x? values. Haplotype allele frequencies and haplotype distributions
were estimated on the basis of multiple SNPs by the expectation-
maximization algorism, using SNPAlyze {DYNACOM, Yokohama, Japan,
http://www.dynacom.co.jp/). Statistical significance was examined by the
%? test. ORs were calculated along with 95% Cl values using SPSS software
program (version 11.1).

Results

Association between SNPs in the NKC region and natural
eytotoxic activity. A genome approach was undertaken in the
Saitama cohort study. Before case-control comparison, we did a

phenotype-genotype association analysis done to identify the
genetic factors involved in the natural cytotoxic activity of
peripheral blood lymphocytes of individuals. Specifically, we
examined the association between the 20 SNPs on the annotated
270 kb region within the NKC gene region and natural cytotoxic
activity by comparing the allele frequency of the bwo control
groups with high and low natural cytotoxic activity, together with
ORs estimated for low natural cytotoxic activity versus high
activity. Among these 20 SNPs, we found, in Table 3, that eight
SNPs were closely associated with natural cytotoxic activity, having
P values <0.001: NKC-3 (P = 0.00004), NKC-4 (0.0002), NKC-7
(0.00004), NKC-9 (0.0006), NKC-10 (0.0005), NKC-11 (0.00003), NKC-
12 (0.00004), and NKC-17 (0.0002). It is notable that these natural
cytotoxic activity-related SNPs are mostly located in the NKG2D
gene region, except for NKC-17 that is located in the promoter
region of the NKG24 gene (Fig. 14).

Identification of haplotype blocks. We did linkage disequilib-
rium analysis on the basis of the 20 SNPs listed in Table 2. When
looking at natural cytotoxic activity-related SNPs, many of these
are closely linked to each other, with r* values >0.9, and this kind of
close linkage is hardly ever found among other activity-nonrelated
SNPs, except NKC-6 and NKC-8 (Fig. 1B). On the basis of the
linkage disequilibrium analysis, Fig. 1C shows the relation between
linkage disequilibrium {r?) and the physical distance between the
SNPs. All combinations of each pair of SNPs are plotted. An abrupt
drop of r* values in the distance >80 kb in Fig. 1C implies that there
are no haplotype blocks longer than 80 kb in this region. It is of
much interest that most combinations of the natural cytotoxic
activity-related SNPs revealed relatively strong linkage disequilib-
rium, whereas those of nonrelated SNPs showed weak or no linkage
disequilibrium. When we divided the natural cytotoxic activity-
related SNPs into two groups colored blue and orange, all
combinations of blue-blue and orange-orange revealed a strong
linkage disequilibrium, with r* values >0.9, whereas blue-orange
combinations showed much weaker linkage disequilibrium, with r*
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values <0.5 (Fig. 1C), indicating that five blue SNP sites belong to
one haplotype block and three orange SNP sites to a different
haplotype block. We finally identified the two haplotype blocks and
named them NKG2D hb-1 and hb-2, each of which generated two
major haplotype alleles related to low and high natural cytotoxic
activity phenotypes (Fig. 24).

Association between AKG2D haplotypes and natural cyto-
toxic activity. We estimated the haplotype allele frequencies in the
groups with high and low natural cytotoxic activity and compared
between groups (Fig. 2B). Respective low and high cytotoxic
activity-related alleles LNK! and ANKI on NKG2D hb-1 revealed
a close association with natural cytotoxic activity {# = 0.00008
and 0.0001, respectively) and this was also the case with LNK2
and HNK2 on NKG2D hb-2 (P = 0.0002 and 0.0008, respectively}. To
confirm the close association between natural cytotoxic activity and
NKG2D haplotypes, we compared mean (£SE) natural cytotoxic
activity ol LNKI/LNKI, LNKI/HNKI, and HNKI/HNKI haplotypes
among a total of 612 controls: The results were 42.1 = 1.2 (n = 196),
47.8 + 1.1 (260), and 50.1 + 1.7 (109), respectively (Pyng < 0.001);
47 controls having heterozygous haplotypes other than LNKI/
HNK! showed mean natural cytotoxic activity of 45.1 = 2.7.

NKG2D haplotypes and cancer risk. Finally, we estimated the
risk of cancer development for the NKG2D haplotypes: LNKI/LNKI,

LNKI/HNKI, and HNKI/HNK1 from NKG2D hb-1 along with LNK2/
LNK2, LNK2/HNK2, and HNKZ/HNK2 from NKG2D hb-2. A case-
control study within the Saitama cohort study was done among
those cohort members whose DNA of peripheral lymphocytes were
available for this study. In Table 4, cases revealed increased and
decreased frequencies (0.632 and 0.333, respectively) of LNKI and
HNKI alleles, compared with those (0.554 and 0.406, respectively)
in controls {Table 4). Individuals carrying HNKI/HNKI have a
significantly reduced risk of cancer with an OR of 0.471 (crude, 95%
Cl, 0.233-0.952) or 0482 (adjusted, 0.237-0.982), indicating that
those with LNKI/LNKI, one third of the general population, have
an enhanced risk of cancer development (Table 4}, On the other
hand, LNK2 and HNK2 alleles did not show any statistically
significant differences between cases and controls because of the
small number of subjects with HNK2/HINK2,

Discussion

Natural immunologic host defense plays the key role in
occurrence of common cancers found in a general population, as
we previously reported on the basis of an I1l-year follow-up of
the Saitama cohort study (6). This finding could lead us to a
new field, cancer immunoprevention, which would aim to
enhance the ability of the immune system to recognize and

Table 3. Eight SNPs closely associated with natural cytotoxic activity
NKC (reference SNP ID) Genotype MNo. subjects (%) OR (85% Cl)
High activity Low activity
NKC-3 {rs1049174) c/C 53 {26) 89 (44} 1.00
C/G 102 (50) 88 (43} 0.5%4 (0.330-0.801)
G/G 49 {24) 27 (13} 0.328 (0.184-0.568)
Fr. of C-allete 0.510 0.652 P = 0.00004
NKC-4 {rs2255336) G/G 107 (52) 139 {68) 1.00
G/A 79 (39) 59 (29} 0.575 (0.377-0.876)
ArA 18 (9) 6 {3) 0,257 (0.098-0.669)
Fr. of G-allele 0.718 0.826 P = (.0002
NKC-7 {rs2617160) Yizi 51 {25) 84 (41} 1.00
T/A 101 (50) 93 {46} 0.559 (0.357-0.875)
AZA 52 {25) 27 (13} 0315 (0.176-0.563)
Fr. of T-allele 0.498 0.640 P = 0.00004
NKC-9 {rs2246809) /G 107 (53) 137 {67) 1.00
G/A 80 (39) 61 (30} 0.596 (0.392-0.905)
A/A 17 (8) 6 (3) 0.276 (0.105-0.723)
Fr. of G-allele 0.721 0.821 P = 0.0006
NKC-10 (rs2617169) T 106 (52) 137 {67) 1.00
T/A 81 {40) 61 {30} 0.583 (0.384-0.885)
Al 17 (8) 6(3) 0.273 (0.104-0.717)
Fr. of T-allele 0.718 0.821 P = 0.0005
NKC-11 (rs2617170) c/C 49 (24) 83 {41} 1.00
c/T 102 (50) 93 (45) 0.538 (0.343-0.845)
T 53 {26) 28 {14} 0.312 (0.175-0.556)
Fr. of C-allele 0.490 0.635 = 000003
NKC-12 (rs2617171) crc 49 {24) 83 (41} 1.00
Cc/G 103 (50) 93 (45) 0.533 (0.340-0.837)
G/G 52 {26) 28 (14} 0.318 (0.178-0.567)
Fr. of C-allele 0.493 0.635 P = 000004
NKC-17 (rs1983526) G/G 47 {23) 78 {38) 1480
G/C 104 (51) 95 (47) 0.550 (0.349-0.869)
c/C 53 {26) 31(158) 0.352 (0.199-0.625)
Fr. of C-allele 0.485 0.615 = 0.0002
www.aacrjournals.org 567 Cancer Res 2006; 66: (1), January 1, 2006
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Alleles Related NKC- Stoweture (RISNPs)
activity 3 4 7 9 w1 1z 17
NKG2D hb-1
LNK] Low - C C T == C =
HNKI] High -G T A—G— G —
NKG2D hb-2 T G G
;’:,fz 1;:‘: A T Figure 2. Natural cytotoxic activity—elated haplotype alieles. A,
# LK1 and HNK? are generated from hapiotype block NKG2D hb-
1, and LNK2 and HNK2 from NKG2D hb-2. B, allele frequencies
8 Allele fr are estimated for groups (n = 408 chromosomes for each group}
¢l Trequency with high and low naturat cytotoxic activity.
High activity Low activity P value (xh)
LNK]T 0.478 0.615 0.00008 (15.5)
HNK! 0.480 0.348 0.0001 (14.7)
LNK2 0711 0.821 0.0002 (13.8)
HNK2 0.272 0.174 0.0008 (il.3)

eliminate nascent transformed cells in the body (7). The innate
immune system, in its initial response to a pathogen, may also
be involved in determining how long and how strongly
inflammation will continue after pathogen infection, in some
cases leading to a sequential process of infection to inflamma-
tion to cancer (25, 26).

The natural cytotoxic activity measured in the Saitama cohort
study revealed wide variations among individuals, only a part of
which can be explained by environmental factors. We thus
investigated genetic determinants of this cytotoxic activity,

where NK cells work as a major effector. Given that the varying
cancer risk of individuals can be in part ascribed to natural
eytotoxic activity, it is necessary to clearly assess the genetic/
invariable fraction of the cytotoxic activity so that we can
look at the variable fraction of the activity, which would be a
surrogate marker for cancer immunoprevention. In this study, we
succeeded in identifying haplotype alleles, which were con-
structed from five or three SNPs mostly located in the NKG2D
gene region and closely associated with high and low natural
cytotoxic activity of individuals. This was the first identification of

Tahte 4. Risk of cancer incidence for the NKG2D haplotypes
NKG2D hp-1

Haplotype Cases 17 (%) Controls n (%) Crude OR (95% CI) Adjusted OR" (95% CI)
LNK1/LNKI 42 (41) 196 {32) 1.00 1.00
LNKI/HNKL' 42 (41) 260 (42) 0.754 (0.473-1.20) 0.694 (0430-1.12)
HNKI/HNK! 11 (k1) 109 (18} 0.471 {0.233-0.952) 0.482 (0.237-0.982}

Allele frequency P
LNK} 0.632 0.554 0.036
HNK] 0.333 0.406 0.049

NKG2D hb-2
Haplotype Cases n (%) Controls n (%) Crude OR (95% Cl) Adjusted OR {95% CI)

LNKZ2/LNK2 67 (65) 371 (61} 1.00 100
LNK2/HNK2 : 26 (25) 203 (33) 0.709 (0.437-1.15) 0.701 (0.425-1.16)
HNK2/HNK?2 3(3) 27 (4) 0615 (0.181-2.09) 0.642 (0.188-2.19)

Allele frequency P
LNR2 0.789 0.778 0.7
HNKZ 0.171 0212 02
*Adjusted for relative body weight, cigarette smoking, alcohol consumption, and intake of green vegetables.
TSeven cases and 47 controls with heterozygous haplotypes other than LNKI/HNKI were exciuded.
18ix cases and 11 controls with heterozygous haplotypes other than LNK2/HNK2 were excluded.
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individuals who are genetically predisposed to have low natural
cytotoxic activity and consequent high risk of cancer develop-
ment: It is they who will, therefore, be the logical targets for
immunoprevention of cancer and virus-related diseases. Our
preliminary analysis implied that the influence of lifestyle factors
on the cytotoxic activity of individuals might depend on their
haplotypes, e.g., cigarette smokers with AHNKI/HNKI showed
lower activity than nonsmokers with the same haplotype,
although this decrease was not obvious in other haplotypes;
increased intake of green vegetables was associated with
increased cytotoxic activity among those with LNKI/LNKI but
not HNKI/HNK! (data not shown). Although an intervention
study is needed to confirm the influence of lifestyle factors, this
preliminary finding suggests the possibility of individualized
cancer prevention based on gene-environment interactions.

Because no strong linkage disequilibrium spanning over 80 kb
was found in the 270 kb region, the five or three cytotoxic activity—
related SNPs located on NKG2D hb-1 or hb-2, respectively,
apparently include the SNP(s} carrying functional significance,
although all these SNPs showed high significance levels of
association. These five or three SNPs {Table 3) are located in the
noncoding regions of the genes and it is likely that some of these
SNPs may be involved in transcription regulation of the NKG2D or
NKG2A gene; we excluded the possibility of as-yet-undiscovered
SNPs in the coding region closely linked to the five or three SNPs by
scanning the NKG2D gene region with denaturing high-perfor-
mance liquid chromatography {data not shown). Further investi-
gation is needed to identify which SNP(s) carries functional
significance and to clarify the molecular mechanisms of individ-
ually differing cytotoxic activity.

Further investigation will also be needed of the genetic factors,
other than the NKG2D haplotypes, involved in individual natural
cytotoxic activity, specifically the genetic polymorphisms of killer
immunoglobulin-like receptor {KIR) genes and human histocom-
patibility leukocyte antigen {HLA) class 1 genotypes (10, 27, 28). The
involvement of HLA class [ in NK eell repertoire selection leads to
the hypothesis that HLA class | may play a role in determining
individual NK cell activity, so we examined this hypothesis using

the same cohort groups (with high and low natural cytotoxic
activity) by comparing the frequency of HLA class I (HLA-A, HLA-B,
and HLA-C) genotypes between the groups: Specific /LA genotypes
of B*I301, B*4403, B*5401, Cw*0401, and Cw*0702 showed
significant association with cytotoxic activity (29}, This implies
that the polymorphisms of other immunorelated genes ray also be
associated with natural cytotoxic activity—immunogenetic suscep-
tibility to cancer and other diseases. In the future, the combination
of these genetic polymorphisms with the NKG2D haplotypes will
provide more precisely defined, individually based descriptions of
innate immune responses.

Our findings in this study show the advantage of molecular
epidemiology cohort studies—a combination of phenotype and
genotype markers. One possible combination would be to assess
the cancer risk of genetic factors, which is modified by
environment or other host factors described by phenotype
markers, as was typically shown in the Shanghai prospective
cohort study (30). This Saitama cohort study reveals another
possibility: a phenotype-genotype association analysis combined
with subsequent genome association analysis (risk estimation)
done within the same cohort study. in a case-control study design
within the cohort, we may be able to identify the genetic factors
involved in a particular phenotype marker with a high degree of
reliability by comparing the genome characteristics of two control
groups who are matched to each other with major confounding
factors (e.g, gender and age) and who show contrasting high
and low values of this phenotype marker. We anticipate that this
approach will provide useful information for future cancer
prevention based on gene-environment interactions.
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Estimating human cancer risk based on host-environment interac-
tion is one task of epidemiology, and it has provided indispens-
able knowledge for prevention of cancer. The recent develop-
ment of gene-engineered mice has also provided solid evidence
about the relationship between cancer development and immu-
nity. The aim of this review is to discuss the possible contribution
of epidemiology to understanding the role of immunity in host
defense against cancer, and also to assess the involvement
of inflammation in the occurrence of selected cancers, Here we
lock at the concepts of cancer immunosurveillance and infection-
inflammation-cancer, and include a brief introduction to recent
studies in humans and experimental animal models. It has been
postulated for many years that the immune system has the abil-
ity to recognize and eliminate nascent transformed cells in the
body (so-called cancer immunosurveillance hypothesis), and this
idea has recently obtained strong support from animal experi-
ments. In humans, foilow-up studies among immunosuppressed
transplant recipients revealed a remarkably increased risk of not
only selected malignancies, but also cancers with no known viral
etiology. On the other hand, a prospective cohort study among
the generaf population revealed that individuals with low natural
cytotoxic activity of peripheral blood lymphocytes had an in-
creased risk of cancer development. More studies are warranted
to allow the construction of a model for the interaction between
host immunity, aging, and the environment. The host immune
system is also involved in inflammatory responses to pathogen
infection: insufficient immune function of the host, or repeated
infection, may result in persistent inflammation, where growth/
survival factors continuously act on initiated cells. The combined
use of biomarkers wiil be necessary to define low-grade persis-
tent inflammation in future cohort studies; and, in addition to
these phenotype marker-based cohort studies, one plausible fu-
ture direction will be a genomic approach that can be undertaken
within cohort studies, locking at the genetic background underly-
ing individual variations in phenotype markers. (Cancer Sci 2004;
95: 921-929)

E pidemiological studies investigate the association between
cancer development and various environmental or/and host
factors in human populations, providing models to estimate
cancer risk as a quantitative function of these factors (e.g., ex-
posure levels, physiological status) among individuals. We an-
ticipate that epidemiological studies will work well under the
following conditions: 1) the intensity of factors varies among
individuals (being expected to produce substantial differences
in cancer risk); 2) adequate measurements are available to eval-
uate the intensity or grade of factors (in the case of biomark-
ers); 3) a relevant basic biological concept or laboratory
evidence-supported working hypothesis describing the relation
between cancer and these factors is available; and 4) the associ-
ation between cancer and these factors, if it exists, will contrib-
ute to cancer prevention. In this review, we discuss whether

Nakachi et af.

“cancer development and immunity” is a proper object of epi-
demiology from the above viewpoint.

The concept of multi-stage carcinogenesis implies that cancer
prevention with different strategies at each stage is feasible. Re-
cently, emphasis has been placed on defense mechanisms exist-
ing in different stages of carcinogenesis, such as detoxification
of reactive metabolites derived from environmental carcino-
gens, trapping or decomposition of reactive oxygen species,
DNA repair enzymes, and natural inhibitors of proliferating ini-
tiated cells.” The immune system may be the body’s last line of
defense against cancer development, and the concept of cancer
immunosurveillance-routinely eliminating nascent transformed
cells in the body-was first proposed by Bumnet and Thomas. 2%
However, despite accumulating evidence from in vive studies
that the immune system dominates the development of sponta-
neous tumors, observations in human populations have been
limited, providing only marginal support for this concept. Since
cancer immunosurveillance targets preclinically existing, na-
scent transformed cells, it is difficult to directly evaluate the
immunological effects on cancer or pre-cancerous cells just
emerging in the human body, Thus, epidemiological approaches
such as long-term follow-up studies of human populations may
be the most suitable way to assess the relation between host im-
munological status and future development of cancer in hu-
mans. Efficient epidemiological evaluation of host tumor
immunity is thus different from efficient cancer immunother-
apy, which targets clinically recognized cancer cells that are
evading natural immunosurveillance and thereby acquiring a
survival advantage.?

Another area where the host immune system is involved in
cancer development may be in the sequential processes of in-
fection-inflammation-~cancer. Immunological features in the ini-
tial response to a pathogen in the host may in part determine
how long and how strongly inflammation will continue after
pathogen infection. The host will face chronic infection leading
to persistent inflammation in the case of incomplete elimination
of the corresponding pathogen, but, on the other hand, may re-
tain homeostasis after successful eradication of the pathogen.
Numerous observations of virns-related cancers have provided

E-mail: nakachi@resf.or.jp

Abbreviations: STAT, signal transducer and activator of transcription; RAG, recom-
bination activating gene; IFN, interferon; TNF, tumor necrosis facter; MHC, major
histocompatibility complex; NK, natural killer; CTL, cytotoxic T lymphocyte; IL, in-
terleukin; APC, antigen presenting cell; HLA, human leukocyte antigen; SNP, sin-
gle nuclectide polymorphism; PGE, prostaglandin E. In Tables 1 and 2: WBC, white
blood cell; ELISA, enzyme-linked immunosorbent assay; RT-PCR, reverse-tran-
scriptase polymerase chain reaction; RANTES, regulation on activation, normal T
cells expressed and secreted; MIG, monokine induced by interferon-y, IP-10, inter-
feron-y-inducible protein-10; MCP-1, macrophage chemoattractant protein-1; CRP,
C-reactive protein; ROS, reactive oxygen species; ESR, erythrocyte sedimentation
rate; 8-OH-dG, 8-hydroxydeoxyguanocsine; HPLC, high-performance Hquid chroma-
tography: ECD, electrochemical detector; MS, mass spectrometry; GC, gas chroma-
tography; NICl, negative ion chemical ionization; HMdU, 5-hydroxymethyi-2'-
deoxyuridineg; lg, immunoglobulin.
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evidence that persistent inflammation involving repeated viral
infection is a key step in carcinogenesis, although the immuno-
logical mechanisms underlying this process largely remain to
be established.” Specifically, the environment-caused modifica-
tion of host immune responses needs to be investigated in rela-
tion to cancer as well as other inflarmation-related diseases:
this might provide new and important insights into cancer pre-
vention.

Cancer immunosurveillance

Cancer immunosurveillance may involve adaptive immune
responses specific for antigens on malignant cells, as well as in-
nate immune responses to non-self status or stress-induced
ligands of transformed or malignant cells. Molecular changes
that consistently occur in carcinogenesis of the cells may be
recognized by the immune system as “flags” on target cells, and
these aberrant molecules (neoantigens) may include: 1) prod-
ucts of oncogenes or tumor suppressor genes that are often mu-
tated or products of other genes mutated due to genetic
instability (e.g., Ras, Ber/abl, p53),% 2) normal cellular proteins
that are overexpressed or aberrantly expressed (e.g., MAGE, ty-
rosinase, gpl100),? 3) oncogenic virus products (e.g., papilloma-
virus E6 and E7, EBNA-1, 5V40 T antigen),¥ and 4)
overexpression of stress-inducible proteins (e.g., NKG2D
ligands: MICA, MICB, ULBPs).® Several mechanisms in
which numerous other normal cellular molecules are involved
can work to recognize, suppress, and/or eliminate twmor cells
(Fig. 1). One of the key mechanisms in adaptive immunity for
cases 1) to 3) involves the recognition of MHC/peptide com-

plexes by T cells: tumor cells expressing mutated oncogene
products can be eliminated in vivo by mmor-specific T cells
that recognize MHC/peptide complexes in which the peptide
components are encoded by mutant DNA sequences. However,
some tumor cells can escape detection and survive when the
mutated gene products in question are not presented as MHC/
peptide complexes.'®

On the other hand, innate immune responses for case 4) tar-
get a great variety of abnormal cells showing cellular transfor-
mation, infection, and distress, specifically in cases where the
expression of MHC class I molecules is lost or downregulated
(“missing-self”); NK cells can recognize and kill cells which
overexpress the ligands of NKG2D, an activating NK recep-
tor.'" Here, NX cell effector functions are regulated by a bal-
ance between inhibitory receptors specific for MHC class I and
activating receptors, although this NKG2D-mediating activa-
tion may be able to overcome the MHC class [-mediated inhibi-
tory signaling in responding NK cells.”? Clearly these two
immunological mechanisms are complementary and work at
different stages of the tumor-host interaction, providing as they
do in vive protection against the persistence of different types
of tumor cells.

Granzymes, perforin, FasL and cytokines (such as IFN-v) act
as effector molecules for both T and NK cells io eliminate fu-
mor cells; chemokines and their receptors are responsible for
infiltration of lymphocytes into tumor tissue. In cases of infec-
tion by oncogenic viruses, such as hepatitis virus and HTLV-1,
viral antigen presentation by HLA class I and If molecules to T
cells, and subsequent T-cell mediated cytotoxicity and cytokine

Cytokine (IFN-y)

Fig. 1. Cells and molecules known to be inveolved in host immune responses to developing tumors. Tumor-specific cytotoxic T lymphocytes {CTL)
recognize tumor antigens that are expressed in conjunction with HLA molecules and begin to directly kill tumor cells by secreting tumercidal mol-
ecules (such as perforin) or to produce cytokines (such as IFN-y) that suppress the growth of tumor cells. NK cell recognition is mediated by the
opposing effects of two sets of NK receptors, activation and inhibitory receptors. Activation receptors recognize ligands (such as MICA) expressed
on the target cell and transmit intraceflular signals that initiate cytotoxicity; inhibitory receptors recognize cell-surface HLA class 1 molecules and
generate counter-activating signals that block the induction of eytotoxicity. NK cell effector functions that kill or suppress tumor cells are almost
identical to those of CTL. In the course of tumor progression, tumor cells tend to lose expression of HLA molecules and escape T cell recognition.
Loss of KLA-class | expression (missing-self} on tumor cells engages NK cells to kill these cells.
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Fig. 2.

I the case of immune responses to oncogenic virus infection, viral antigen presentation by HLA class | and Il molecules to T cells initiates

adaptive immune responses to the virus. Subsequent T-cell mediated cytotoxicity to virus-infected cells and T-cell cytokine production are key ele-
ments in control of the infection. NK cells can recognize virus-induced cellular antigens (such as MICA) and engage in eradication and suppression
of virus-infected cells. T cells help B-ceil production of virus-specific antibodies that can biock viral replication by releasing cytokines and through

direct cell-to-cell interaction.

production, are also key elements in the control of infection
(Fig. 2). NK cells are also known to play important roles in
eradication and suppression of virally infected cells.!® Virus-
specific antibodies that are produced by B cells with T-cell help
may block infection of adjacent cells and thereby suppress viral
replication. T and B cell interaction is mainly mediated by cy-
tokines and cell adhesion molecules; and minor T-cell subsets,
voT and NKT cells, are also known to act as effector cells in
the cancer elimination phase. Although the role of these im-
murne effector mechanisms in tumor protection is not well de-
fined, epidemiological approaches to investigating the associ-
ation between cancer development and individual variations
in the ability to mount these immune defense mechanisms are
essential to establish the concept of cancer immunosurveillance
and to develop a new basis for cancer prevention.

Observations in humans. One logical approach to examining
the immunosurveillance hypothesis in humans is to determine
whether patients with immunodeficiency, or immunosuppressed
transplant recipients, show a greater incidence of cancer. A con-
sistent finding in various follow-up studies of transplant recipi-
ents is a remarkably increased risk ratio (observed/expected
ratio) of selected malignancies, many of which are associated
with viruses such as Epstein-Barr virus (Hodgkin’s disease),
human papilloma virus {(cervix cancer, anogenital cancer, and
some skin cancers), human herpes virus 8 (Kaposi’s sarcoma),
and hepatitis B and C viruses (hepatocellular cancer).'> !
These observations have demonstrated that one relevant func-
tion of immunosurveillance is eradication of viruses, some of
which may cause cancers, although it is still not clear whether
the immune system can eliminate cancer cells with no known
viral etiology. Recent studies have shown that transplant recipi-
ents have an increased risk of developing various cancers com-
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monly observed in general populations, including those of the
respiratory organs, digestive organs, and endocrine glands,
which clearly demonstrates the role of immunological defense
mechanisms in preventing the development of cancer.!21® Of
maiignancies that develop in transplant recipients, the portion
transmitted from donors is estimated to be less than 1%. In pa-
tients with various immunodeficiencies—such as Chediak-
Higashi syndrome, X-linked lymphoproliferative syndrome,
ataxia-telangiectasia, and the Wiskott-Aldrich syndrome—an
increased incidence of selected cancers, such as non-Hodgkin’s
lymphoma, was observed; patients with adaptive immunodefi-
ciency syndrome also showed 100-fold increase of Kaposi’s
sarcoma and non-Hodgkin’s lymphoma.

However, these studies of immunodeficient populations have
several limitations: 1) study subjects were relatively young and
had therefore not reached the age when solid cancers are fre-
quently seen (e.g., the mean age at transplantation was 43
years, and the mean age for diagnosis of malignancies was 48
years in the Cincinnati Transplant Tumor Registry) and the
follow-up periods were short (in part, due to the patients’
shortened lifespans and medical complications)'®; 2) since
immunodeficient people seem to carry widespread dysfunctions
of the immune system, including both innate and adaptive im-
munity, it is difficult to assess the involvement of a specific im-
mune function in cancer immunosurveillance, which also
causes difficulty in extrapolating results obtained with immuno-
deficient people to the general population, who do not have ob-
vious defects in the immune system and who have reached the
“cancer-prone age.” Since aging is the most important factor in
the development of cancer, it is important to know how inter-
individual differences in a particular immune function are asso-
ciated with future development of common cancers among the
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general population. In addition, the existence of pre-clinical
cancer in the body may influence the immune function, so case-
control studies seem to be inadequate for assessing the relation
between cancer and immunological defense. Therefore, pro-
spective cohort studies, using specific immunological biomark-
ers that are measurable with peripheral lymphocytes and stable
during long periods of follow-up, are needed. Unfortunately,
very few such studies are available.

In one prospective cohort study of the Japanese general pop-
ulation (the Saitama cohort study), an 11-year follow-up study
recently revealed that individuals with medium and high natural
cytotoxic activity of peripheral-blood lymphocytes—measured
by the isotope-release method using K562 as target cells—had
a reduced risk of developing cancer in all sites, whereas those
with Jow cytotoxic activity had an increased cancer risk (Table
1).'# This is the first evidence of the vital role played by natural
immunological defense in the occurrence of common cancers
among the general population who do not have obvious defects
in their immune systems, indicating the possible feasibility of
cancer immuno-prevention. Since natural cytotoxic activity is
in part associated with selected lifestyle factors as well as men-
tal stress, this cytotoxic activity will be a useful surrogate
marker for future cancer prevention studies.!s® The findings
also imply that individual variations in innate immune re-
sponses seen in the general population may generate large dif-
ferences in cancer incidence with advancing years, specifically
when people reach cancer-prone age. To date, though, no clear
results have been obtained from studies using biomarkers of
adaptive immunity. However, in one promising on-going cohort
study, a subcohort of atomic-bomb survivors (the RERF immu-
nological cohort study) has revealed a significant dose-depen-
dent association between past experience of radiation exposure
and attenuated immunity measured in terms of T-cell repertoire
and functions, and cytokine levels, all of which are also associ-
ated with aging.'”9 It is anticipated that a baseline measure-
ment of varjous immunological markers of adaptive immunity
in this unique cohort will answer some questions on cancer im-
munosurveillance and will provide a model for the interactions
among host immunity, aging, and environment.

In addition, a genomic approach was recently undertaken in
the Saitama and RERF cohort studies. To find genetic factors
involved in individual variations of natural cytotoxic activity,

Table 1. Relative risk of cancer incidence for cytotoxic activity levels
NK cell activity” (%)
Low Miedium High
Men
Age-adjusted 1.0 0.62 0.72
{0.38-1.03)2 (0.45-1.16}
Lifestyle-adjusted® 1.0 0.61 0.71
{0.37-1.02) (0.44-1.16}
Women
Age-adjusted 1.0 0.56 0.52
{0.31-1.01) (0.28-0.85)
Lifestyle-adjusted 1.0 0.56 0.52
(0.31-1.04} {0.29-0.98)
Both sexes
Age-adjusted 1.0 0.59 0.63
(0.40-0.87) {0.43-0.92)
Lifestyle-adjusted 1.0 0.60 0.64
{0.41-0.87) (0.44-0.94)

1) Categorized by tertiles. Low: less than 42%, medium: 42-58%,
high: more than 58% for men; low: less than 34%, medium: 34-51%,
high: more than 51% for women.

2) 95% confidence interval.

2) Adjusted for age, relative body weight, cigarette smoking, alcohol
consumption, and intake of green vegetables.
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age- and sex-matched Saitama cohort groups with high and low
natural cytotoxic activity were compared in terms of HLA class
I genotype frequencies: B*1301, B*4403, B*5401, Cw*0401, and
Cw0702 were significantly assoclated with the activity
(P=0.02, 0.02, 0.04, 003, and 0.004, respectively).?? Specifi-
cally, Cw"0702 is relatively frequent (11%) among the Japanese
population. This phenotype-genotype association analysis
within cohorts is now being extended to the genetic polymor-
phisms of NK cell receptors, a new genomic approach unique
to cohort studies. In the RERF immunological cohort study, ra-
diation effects on risk of type II diabetes were studied in terms
of HLA class II haplotyping, indicating that individuals with a
particular HLA haplotype, either DQAI*03-DRBI09 or
DOAI*0401-DRBI08, revealed an increased risk of type 1II dia-
betes dependently on their atomic-bomb radiation dose (trend
P=0.0003)2

Experimental animal studies. The cancer immunosurveillance
hypothesis has been tested using numerous immunocompro-
mised animals in which spontaneous and/or carcinogen-in-
duced tumor development was assessed. Several lines of
experiments using athymic nude mice found no significant in-
crease in fumor formation as compared with euthymic immuno-
competent mice,”™ and these negative resuits initially gave
some tumor immunologists an unfavorable view of this hypoth-
esis. However, as modern immunology has begun to explain
abnormalities in the Immune system in terms of deficiencies of
particular genes, various gene-knockout mice have become
available for testing the immunosurveillance hypothesis. Mice
deficient in one of several key molecules (IFN-vy, IFNGR], and
STAT-1) involved in the TEN-y system more frequently devel-
oped spontaneous and/or carcinogen-induced tumors than did
wild-type mice.*»* Rag? gene ablation, which results in lack
of lymphocytes mediating adaptive immunity, also appeared to
increase susceptibility to spontaneous and/or carcinogen-in-
duced cancers.”® Interestingly, mice deficient in both RAG2
and STAT-1 did not differ in overall incidence of tumors from
those deficient in only one, suggesting that the IFN-y system
may be a major effector mechanism for tumor suppression
through adaptive immunity.>?

Another key effector molecule for immunological tumeor con-
trol has been identified from studies with perforin-knockout
mice, which also show increased susceptibility to tumor
development® 2: perforin is a component of cytolytic granules
of CTL and NK cells, and mice deficient in both perforin and
IFN-y showed a small increase in tumor induction compared
with those lacking only one of the two immune mediators, sug-
gesting the existence of cross-talk between innate and adaptive
immunity for resisting tumor formation. IL-12 is a potent in-
ducer of Thl, which produces IFN-y and exerts anti-tumor im-
munity by activating both CTL and NK cells, and mice
defective in one of the IL-12 subunits are also known to be
more susceptible to chemical carcinogenesis.®” This anti-tumor
cytokine is produced by macrophages and dendritic celis and
plays a key role in the transition from innate to adaptive immu-
nity, again suggesting cross-talk between these immune systems
in cancer immunosurveillance.

Another important step in experimental animal studies on
cancer immunosurveillance was demonstrating the possible in-
volvement of NK-mediated effector mechanisms in the sup-
pression of tumor formation. Previous observations with nude
mice,? which challenged the cancer immunosurveillance hy-
pothesis, ignored the fact that nude mice have a potential innate
immune system including NX cell function. NK-deficient beige
mice, which have a defect in cytolytic granule formation that
also affects CTL and macrophages, have an increased incidence
of spontaneous and induced primary oncogenesis.?® In addition,
antibody depletion studies using anti-NK1.1 or anti-asialo-GM1
antibody, which can deplete NK cells as well as NKT cells or
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Fig. 3. Flow of inflammatory processes. 1} *Danger signals” from tissue trauma. The bioactive peptides released from neurons in response to pain
activate mast cells, the intracellular proteins released from destroyed cells activate macrophages, and pathogen-associated patterns also activate
macrophages through toll-like receptors. 2) Mast cells, the first responder, reiease histamine, luekotrienes, TMF-o, other cytokines/chemokines,
and tryptases. 3} Neutrophils are activated by TNF-o and leukotrienes produced by mast cells; activation of matrix metalloprotenases; tissue break-
down. 4) Macrophages are activated by pathogen-associated patterns; macrophage-derived TNF-a and chemakines activate more neutrophils and
recruit lymphocytes, in conjunction with PGE2, from mast cells and defensins from neutrophils. 5) Inflammatory responses (activation of mast cells
and neutrophils) evolve into immune responses, i.e., activation of macrophages, dendritic cells (DCs), T cells and B cells.

activated macrophages, revealed that NK cells are important in
preventing tumor induction by a chemical carcinogen.® Al-
though determining the specific roles of NK cells in cancer im-
munosurveillance is hampered by the lack of mouse models
completely defective in NK cells but normal in T and B cells, it
is Tikely that NK cells participate in various stages of tumor im-
munity, including carncer immunosurveillance, as has been indi-
cated by a follow-up study in humans. NK cell recognition is
mediated by the opposing effects of two different types of NK
receptors, activation and inhibitory receptors: activation recep-
tors recognize stress-induced ligands that are expressed on the
target cell, and then transmit intracellular signals that initiate
cytotoxicity; inhibitory receptors recognize cell-surface MHC
class T molecules and generate counter-activating signals that
block the induction of cytotoxicity. Besides being a vital player
in innate immunity, NK cells influence subsequent adaptive im-
mune responses by releasing cytokines and chemokines that in-
duce growth and differentiation of various immune cells.

Infection, inflammation, and cancer

Cell proliferation does not by itself cause cancer: growth/
survival factors enriched at sites of inflammation specifically
promote the proliferation of initiated cells. Once tissue trauma
has healed, the inflammation associated with cell proliferation
(required for tissue-regeneration) ends. However, when inflam-
mation is sustained and becomes chronic, continnous growth
stimuli work on initiated cells and reactive oxygen species
cause genotoxic damage, generating dysplastic changes (atypi-
cal cells). Therefore, for cancer cell development at sites of in-
flammation, it i3 critical whether the inflammation becomes
persistent or not.

Nakachi et al.

Inflammation is a sequential process of responding to the
trauma often caused by microbial infection; in the process, vari-
ous soluble factors and ifiltrating or recruited cells (such as
lymphocytes and lenkocytes) become involved while interact-
ing with each other in several steps: 1) recognition of tissue
penetration by pathogens or tissue injury; 2) beckoning, instrnic-
tion, and dispatch of cells (infiltration of lymphocytes); 3) erad-
ication of pathogens and killing of infected cells; 4)
Hquefaction of surrounding tissue fo prevent microbial metasta-
sis; 5) healing of damaged tissue. Throughout, several check-
point signals determine the advance or standstill of inflam-
matory response; if this sequential process is hindered at any
step, or if repeated infections cccur within the host, the inflam-
matory process may become stalled, resulting in persistent infiam-
mation.??

Innate immune responses are induced by pathogen-associated
patterns (e.g., lipopolysaccharide (LPS), double-stranded (ds)
RNA, CpG DNA), which are recognized by toll-like receptors
on macrophages,’® and/or by the NKG2D and other NKp re-
ceptor ligands expressed on infected cells.?® The cytokine cas-
cade plays an important role in augmentation and suppression
of immune response to pathogens: cytokines released from
APC or T cells, such as IL-6, TNF-tx, and IFN-y act as effector
molecules in inflammation induced by microbial infection;
chemokines and their receptors are then involved in migration
of immune cells into inflammation sites (Fig, 3).>?% Hence, in-
sufficient immune functions of the host may result in persistent
inflammation because of failure to completely eradicate patho-
gens or infected cells, resulting in repeated destruction and re-
generation of tissue, When initiated cells at sites of persistent
inflammation continue to proliferate—interacting with inflam-
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matory cells and growth factors that specifically act on the initi-
ated cells (e.g., TNF-o)—the inflammatory process becomes a
crucial step in carcinogenesis. In fact, many cancers are thought
to be associated with inflammation caused by immunologically
uncontrolled infections: colon carcinogenesis arising in individ-
uals with inflamumatory bowel diseases, chronic ulcerative coli-
ris and Crohn's disease, esophageal carcinoma with reflux
esophagitis, gastric cancer with atrophic gastritis, liver cancer
with hepatitis, lung cancer with interstitial pneumonia, etc.

Observations in humans. It is said that 18% of cancer cases
worldwide can be ascribed to infections with various patho-
gens, which include Helicobacter pylori (gastric cancer,
490,000 cases a year), human papillomavirus (cancer of the cer-
vix and other sites, 350,000), hepatitis B and C viruses (hepato-
cellular carcinoma, 390,000}, Epstein-Barr virus (fymphomas
and nasopharyngeal cancer, 99,000), human herpes virus 8 (Ka-
posi’s sarcoma, 54,000), Schistosoma haematobium (bladder
cancer, 9000), human T-cell Iymphotropic virus (aduit T-cell
leukemia, 2700), and Opisthorchis viverrini {cholangiocarci-
noma, 800).3% For some of these cancers, the immunogenetic
status of the host has been investigated in terms of HLA typing
and SNPs in cytokine genes.’® Specifically, the identification of
HLA class II types that are sensitive or resistant to human T-
cell lymphotropic virus has demonstrated a role of host immu-
nity in virus-associated carcinogenesis.

The oncogenic processes in virus-related cancer are greatly
influenced by a series of immune effector mechanisms: virus-
infected cells that have encountered the immune system eventu-
ally go through processes involving escape from immunologi-
cal recognition and cytolysis, and the cell transformation that
accompanies rapid proliferation causes frequent gene muta-
tions. How an individual’s defense system underiakes these
processes is thought to depend on individual ability to mount
immunity in response to infection with a particular virus. De-
creased immunity to infection with such a virus when complete
elimination of the extrinsic antigen has failed may be closely
related to carcinogenesis that results from continuous inflam-
mation, and repeated destruction and regeneration of tissue,
causing mutations. Among many cancers in which inflamma-
tion is considered to be involved, some may also be associated
with production of carcinogenic proteins by infected microbes,
e.g., oncoprotein CagA by H. pylori in gastric cancer, oncopro-
teins X by hepatitis B virus (HBV) and core protein by hepatitis
C virus (HCV} in hepatocellular carcinoma, oncoprotein EG6/7
by human papilloma virus (HPV) in cervical cancer, and onco-
protein Tax by human T-cell lymphoma virus (HTLV-I) in
adult T-cell leukemia. HILA molecules play an important role in
the recognition of antigens derived from carcinogenic proteins
that have the potential to transform cells infected with these mi-
crobes, possibly ensuring surveillance of transformed cells.?® In
some cases, a particular HLA class Il molecule may lack the
capacity for binding to the peptide anchor motif needed to rec-
ognize an oncoprotein, and thereby fail to induce CTL re-
sponses to transforming cells and allow generation of a specific
type of cancer. In support of this notion, there are numerous re-
ports suggesting an association between susceptibility to cancer
and HILA class IT genotype.®

Apart from infection-related cancers, many cancers have
been associated with persistent inflammation: lung cancer asso-
ciated with asbestosis or silicosis; colon cancer with inflamra-
tory bowel disease, Crohn’s disease, and chronic ulcerative
colitis; pancreas cancer with chronic pancreatitis; esophageal
cancer with reflux esophagitis or Barrett’s esophagus; MALT
lymphoma with Sjogren syndrome; melanoma with UV-caused
skin inflammation; bladder cancer with chronic cystitis or blad-
der inflammation; oral squamous cell carcinoma with gingivi-
tis.® These findings may imply that persistent inflammation
itself has carcinogenic activity, due to production of reactive
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oxygen species, tumor promotion activity of inflammatory cy-
tokines, and induction of genetic instability. One recent cohort
study revealed that plasma levels of C-reactive protein were an
excellent predictor of the risk of colon cancer, demonstrating
that subclinical persistent inflammation may underlie colon car-
cinogenesis in general.? Interestingly, C-reactive protein levels
were unchanged by administration of nonsteroidal anti-inflarn-
matory drugs.

One problem in designing epidemiological studies to exam-
ine the relation between low-grade inflammation and cancer
seems to be adequate selection of biomarkers that can define
low-grade, persistent inflammation. It may be desirable to use a
combination of inflammation-related markers such as plasma
levels of IL-6, IL-10, TNF-¢, and IFN-v, along with C-reactive
protein (CRP), together with erythrocyte sedimentation rate
(ESR), whose validity has been demonstrated in the cohort of
atomic-bomb survivors.?® Since all these biomarkers are
closely related to aging, the effect of aging and environmental
factors on inflammatory status can be investigated in relation to
occurrence of aging-related diseases, such as cancer. Candidate
biomarkers which have been or could be used in studies of im-
muno-epidemiology are listed in Table 2. Environmental factors
or events that potentially influence the immunological/
inflammatory status of the host shounld be identified, and their
relationship to the incidence of cancer should be intensively in-
vestigated. In addition to various pathogens, exposure to chemi-
cal carcinogens and radiation may induce impairments in the
immune system on some occasions, resulting in low-grade
chronic inflammation and evenmally leading to enhanced risk
of cancer development.

One long-term prospective cohort study has examined the ef-
fects of radiation on the health of atomic-bomb survivors. To
our surprise, even now, more than 50 years after the bombings,
impairments in T-cell immunity are radiation-dose-dependently
observed among a sub-cohort of atomic-bomb survivors, along
with increased levels of plasma inflarmmatory cytokines and
other inflammation markers.!7.1820 In fact, atomic-bomb survi-
vors even today continue to suffer from increased risk of can-
cer, cardiovascular disease, and hepatitis. These late effects
pose serious, as yet unanswered, questions about the mecha-
nisms involved. We hypothesize that T-cell impairments cansed
by radiation may generate age-associated chronic low-grade in-
flammation, which may in part be responsible for increased risk
of diseases among atomic-bomb survivors. Decreased CD4
helper T-cell counts of the survivors appeared to be signifi-
cantly associated with increased levels of 1L-6 and CRP3® We
found that both radiation exposure and increased age were asso-
ciated with increases in selected plasma inflammatory biomark-
ers {Table 3), indicating that the effect of radiation could be
further estimated in terms of acceleration of aging.?%-3 Among
the inflammatory biomarkers we examined for the effects of in-
creased age and radiation dose, the increased levels of TNF-«,
IL-10, IL-6, ESR, CRP, and IgA per Gy corresponded, on aver-
age, to an increase in age of 10 years (range, 5 to 15); atomic-
bomb survivors’ average radiation dose was 0.2 Gy, corre-
sponding to about 2 years (range, 1 to 3} of aging. This may
provide a hint as to why the incidence of cancer and some in-
flammation-associated diseases among atomic-bomb survivors
remains high even when so much time has elapsed, as well as a
model for understanding the effects of various environmental
factors on aging-related diseases in general. This cohort study
cleariy shows the significance of repeated clinical examination,
measurement of various immunological markers (some of
which are listed in Table 2), and preservation of biological ma-
terials, through more than 50 years of follow-up.

Experimental animal studies. Although numerous factors and
cells are involved in the complicated process of inflammation,
cytokines are assumed to play a key role in the crossover of in-
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Table 2. Candidate biomarkers for immunc-epidemiology

Phenotype Marker(s} Function(s} Method Reference(s)
Cell numbers
WBC Inflammation Cell counting 46
Neutrophils Innate immunity/inflammation Cell counting 46
B4 Celiular immunity/helper T cell Flow cytometry 47
cb8 Cellular immunity/cytotoxic T cell Flow cytometry 47
cD19 Humoral immunity/B cell Flow cytometry 47
CD16/CD56 Innate imrmunity/NK cell Flow cytometry 47
CD45RA/CDASRO MNaive/memory T cell Flow cytometry a7
Th1 Cellular immunity/helper T cell Intraceliular staining of IFN-y 48
Th2 Cellular immunity/helper T cell intraceliular staining of IL-4 43
Cell activities
NK activity innate immunity Isotope release 14
T cell proliferation Blast formation of T cell by mitogen [*Hlthymidine incorporation 49
Cytokines
iL-6 Pro-inflammation ELISA, Real time RT-PCR 20
1L-8 Pro-inflammation ELISA, Real time RT-PCR 50
TNF-or Pro-inflammation ELISA, Real time RT-PCR 20, 50
1-1p Pro-inflammation ELISA, Real time RT-PCR 50
IL-10 Anti-inflammation ELISA, Real time RT-PCR 20, 50
IFN-~y Pro-inflammation ELISA, Real time RT-PCR 20, 50
Chemokines
RANTES Inflammation/recruitment of lymphocytes  ELISA, Real time RT-PCR 51
MIG inflammation/recruitment of lymphocytes  ELISA, Real time RT-PCR 52
IP-10 inflammation/recruitment of lymphocytes  ELISA, Real time RT-PCR 52
MCP-1 Inflammation/recruitment of lymphocytes  ELISA, Real time RT-PCR 53
Plasma/serum inflammatory
markers
CRP Inflammation ELISA 35
Metabolites of ROS  Inflammation/ROS production Total ROS assay system 54
ESR Inflammation Wintrobe method 46
Sialic acid Inflammation Enzyme assay 46
Haptoglobin Inflammation Nephrometry 46
HMdU Inflammation/DNA damage ELISA 55
Tissue/cell inflammatory
marker
8-OH-dG Inflammation/DNA damage HPLC/ECD 56
Etheno DNA adduct  Inflammation/DNA damage HPLC/MS, GC/MS, GC/NICH/MS 57
Table 3. Muitivariate model of the effecis of age, sex, and radiation dose on inflammatory biomarkers and immunaglobulins?
Percent increments {95% confidence intervals)
Variable TNF-o IRy IL-10 L6 CRP ESR Tf;:' 19G IgA IgM IgE
Age per 10 years 15 4 8 24 25 15 3 3 5 -6 2
(9, 20) (-4, 12) (4, 13) (18, 30) (13,38) {9,200 {1, 6) (1, 6) 2, 9) (~11, 14) {-11,14)
Female sex? 15 -8 6 8 0 17 5 7 -9 14 ~-51
(2, 30y (-23,10} {0,12) (41,18 (~2533) (9, 24) (0, 10) (t,13) (17, 1) (1, 28} {—63, -34)
Radiation dose 7 12 6 13 39 17 3 2 8 g 14
per Gy (1, 15} (2,23) (0,12 (5, 20} (20,62) (9 24) {1, 6) (-1, 5} (3, 13} (2, 15} {-3, 32)
Estimated aging 5 29 6 5 14 1 12 6 15 -14 a0
by radiation (0, 10} (~29,88) (-1, 14) (2, 8 (4, 24) 5,17} (-1, 26} {-4,17) {1, 29) (-29,2) (-682, 861}
{years per Gy}*

1) Subjects were a total of 442 atomic-bomb survivors who did not have a history of cancer or inflammatory-associated diseases (e.qg., current

cold, chronic bronchitis, collagen disease, arthritis, myocardial infarction).

2) Percentage change, female versus male,
3) Estimated by the §-methed.

flammation and cancer. Development of cytokine-gene knock-
out mice has demonstrated the vital role of pro-inflammatory
cytokines in carcinogenesis: TNF-o-deficient mice developed a
significantly smailer number of tumors than did wild-type mice
in two-stage skin carcinogenesis experiments, demonstrating
that TNF-0. is the key cytokine by which inflammation acts as a
tumor promoter.’ 3 The IL-1 knockout mouse model implies
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that host-derived IL-1ot and TL-1P are required for control of
tumor angiogenesis and invasiveness in a melanoma model.?®
In a urethane carcinogenesis experiment, TNF-o and IL.-10 de-
ficiencies showed contrasting effects on lung tumor susceptibil-
ity,"® and the pro-inflammatory cytokines, TNF-c., IL-1, and
I1.-6, seem to play different roles in tumor promotion and cell
transformation.*¥ In addition to these cytokines, macrophage
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migration inhibitory factor (MIF) has been reported to amplify
carcinogenic DNA damage by suppressing the transcriptional
activity of p53 and by-passing p53 regulatory functions.® We
thus anticipate that a network of inflammatory signals, with dis-
crete roles of cytokines/chemokines and their interactions, will
be intensively studied in relation to cancer development.

Macrophages sense a variety of microbes through toll-like re-
ceptors that recognize pathogen-associated patterns, while NK
cells recognize host proteins expressed after infection through
NXK-activating receptors, such as NKG2D. Recently, the inter-
action between innate/adaptive immunity and inflammatory re-
sponse has been delineated: murine macrophages, which are
activated with LPS through toll-like receptor, express ligands
(RAE-1) that are recognized by NKG2D receptor on NK cells,
thus implying a mechanism by which NK cells and infected
macrophages directly interact during an innate immune re-
sponse to infection.*? With HBV transgenic mice, CTL-medi-
ated destruction of infected hepatocytes reportedly induces
long-lasting hepatocellular regeneration, oxidative DNA dam-
age, and clonal expansion, eventually resulting in hepatocellu-
lar carcinoma,® This study leads to the quintessential question:
are pathogen-specific functions essentially required for cancer
development, in addition to persistent inflammation itself (in-
cluding induction of inflammatory cytokines)?

Conclusions and perspectives

It is anticipated that cancer epidemiology will eventually
clarify the roles of immunity in protecting the host from na-
scent transformed cells and in regulating inflammatory re-
sponses to pathogens. Although the recent development of
gene-engineered mice has provided solid evidence for cancer
immunosurveillance and for the inflammation-cancer sequence,
reliable estimation of cancer risk for individually differing im-
munological competence can be performed only in epidemiol-
ogy, which could also identify high-risk individuals and aim at
cancer prevention based on immunological up-regulation. One
advantage of immuno-epidemiology may be the array of biom-
arkers listed in Table 2, which demonstrates that peripheral
blood can reflect the systemic status of host immunity. Gn the
other hand, the fact that the immune system is easily influenced
by the existence of cancer in the body, even when it is in a pre-
clinical stage, narrows down the study methods to prospective
cohort studies. Although only a few such cohort studies are
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available at present {e.g., the Saitama cohort study and the
RERF immunological cohort study), these studies should be ex-
panded and extended in the future to answer the numerous
questions concerning the roles of immune cells in cancer sur-
veillance and inflammation, the characteristics of inflamrnation
associated with cancer development, the effects of
environment/lifestyle factors on the immune system, and the
interaction between aging and immunity in the occurrence of
cancer and other diseases.

Another important issue to be considered is the genetic back-
ground underlying individual variations in immune and inflam-
matory responses. HLA haplotyping has been intensively
studied in relation to cancer among different races, and genetic
polymorphisms of various cytokines and their receptors have
also been investigated, mostly in case-control study design.
Cne representative study is a large-scale case-control study
which revealed that genetic polymorphisms of inflammatory
cytokines including 7L-1 8 influenced the risk of gastric cancer
by modulating the pH of gastric juice and the growth environ-
ment of Helicobacter pylori*® A possible advantage of this ge-
nomic approach is that the involvement of immune-related
genes can be readily examined in case-control studies, although
any mechanistic interpretation (or conclusion on the functional
significance of particular genetic polymorphisms considered in
studies) must be made separately. However, risk estimation in
these studies is made for particular polymorphisms of genes,
not for the function or role of the genes.

On the other hand, cohort studies seem to have an advantage
over case-control studies for the genomic approach: genomic
analysis comparing cohort members with high and low values
of particular phenotype markers can readily be performed,
along with follow-up studies that reveal the association be-
tween these markers and cancer development. This phenotype-
genotype association analysis within cohort studies may clarify
the genetic background of those phenotype markers that are di-
rectly related to cancer risk, and possibly lead to their use as
surrogate biomarkers for cancer prevention.
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More than half a century after the atomic bombings in Hiroshima
and Nagasaki, an increased risk of cancer incidence is still apparent
among the Life Span Study (LSS) cohort of survivers. Although a
great deal has been learned from the long follow~up of the LSS co-
hott, questions regarding radiation-related cancer risks still remain.
We are conducting a second comprehensive cancer incidence follow-
up to help answer some of these questions. Since the 1987 follow-up,
there was a 24% increase in person-years and 56% increase in cancer
cases. With the additional 11 years of follow-up, i.¢. now including
the years from 1958 to 1998, almeost 17,500 first primary solid can-
cers were identified among over 105,000 LSS members with esti-
mated D502 organ doses.

The LSS cohort includes 120,321 people including about 50,000
survivors who were within 2.5 km of the bombings, about 45,000
who were within 2.5-10 km, and also about 25,000 who were not in
either Hiroshima or Nagasaki at the time of the bombings, the so-
called Not-In-City (NIC) group. In the past, the NIC group was not
included in most of the overall comprehensive studies, but they are
included in the second follow-up because they can improve inference
about baseline risk patterms.

There are several important strengths of the LSS cohort. It is a
large, healthy non-selected populafion that includes all ages and both
sexes (though there are more females due to the fact that many male
soldiers were not in the cities of Hiroshima and Nagasaki); members
were exposed to a wide range of doses and they have well character-
ized dose estimates; mortality Tollow-up is virtnally complete since
1950; cancer incidence ascertainment is complete in Hiroshima and
Nagasaki tumeor registry catchment areas since the establishment of
the registries in 1958, and there is more than 50 years of follow-up.

When studying cancer incidence or mortality, certain differences in
methods should be noted. For evaluating cancer incidence, we must
exclude people who either died or had cancer diagnosed before the
cancer registries were established in 1958, Therefore, there are about

8,000 fewer people in incidence analyses than in mortality analyses.
Also, the mean age at the time of the bombing is a little younger in
the survivors included in the incidence (26.8 years) cornpared with
mortality (29.0 years) analyses because people who developed can-
cer before 1958 tended to be old and, as already mentioned, they are
exciuded from the incidence analyses.

Cancer incidence ascertainment is based on the L35 Tumor Registry.
This registry includes ail cancer cases diagnosed among LSS mem-
bers registered in either the Hiroshima or Magasaki Tumor Registries.
The Hiroshima and Nagasaki Tumor Registries are of high quality
because they employ active case identification in all large hospitals
in their catchment areas. Data from tissue registries, death certificates,
and medical associations (for the small hospitals) are also collected.
Earlier analyses demonstrated that there is no dose bias in case ascer-
tainment. Mortality data are obtained from the family registry (called
Koseki) and they are nationwide.

The LSS cancer incidence studies add a valuable component to
radiation risk assessiment of the atomic bomb survivors because they
inchide data on non-fatal cancers, some of which are quite radiation
sensitive. Cancers of the breast, thyroid and skin, for example, are
radiation sensitive but since they have very good survival a large
number of them would be missed if only mortality data were evalu-
ated. The incidence data are characterized by a high level cancer as-
certainment, accurate diagnoses, information on histology, and long
follow-up. For some organs, information on benign tumors also is
collected.

The LSS cancer incidence studies do have some limitations. In
particular, solid cancer data from 1945 to 1958 and leukemia data
from 1945 to 1950 are incompleie, cancer ascertainment is limited to
Hiroshima and Nagasaki area residents, and treatment data are lim-
ited. This means that some early cancer cases have been missed, ¢s-
pecially leukemia and thyroid cancers which have a short iatency
period.
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The second comprehensive cancer incidence report includes follow-
up from 1958 to 1998, with data on 105,427 people; 50% of whom
were still alive in 1998 {currently about 45% are alive). Of note is
that about 85% of individuals less than 20 years of age at the time
of bombing were still alive in 1998 (about 80% today). In this report,
we are studying only first primary tumors to prevent confounding
from radiation treatment for the first cancer and possible detection
bias in persons who already have cancers. All analyses in this report
are based on the new DS02 dosimetry system which has incorporated
several important improvements over DS86. Improvements in DS02
include refinements in the shielding calculations, transport calcula-
tions, and source term adjustment. In D802, gamma doses increased
and neutron doses decreased slightly. We used weighted colon dose
in Gy to evaluate solid cancer and weighted organ doses for most
site-specific analyses.

Table I shows the study population by dose categories. Excluding
the non-exposed NIC group, 35,545 (slightly over 44% of the 80,180
exposed LSS members) A-bomb survivors were exposed to less than
0.005 Gy and 63,334, or 79% of the exposed cohort, were exposed
to less than 0.1 Gy. Thus, the 1.8 is not such a high dose study as
some may think, and it can provide substantial information on low
dose radiation.

We used Poisson regression analysis to estimate the excess rela-
tive and absolute risks of all solid cancers combined and of individ-
ual cancer sites. The excess relative risk (ERR) quantifies the per-
centage change in risk for a unit of dose, in this case in Gy, i.e. it
shows the relative change in cancer rates. The excess absolute rate
{EAR) quantifies the absolute change in rates for a unit of dose, i.c.
it shows the difference in cancer rates. The ERR and EAR can vary
with age at exposure, gender, attained age, and other factors, They
are both important and provide complementary information. In the
analyses, we adjusted the person years of folow-up for the estimated
migration of persons out of the Hiroshima and Nagasaki arcas. We
used a linear dose-response model as our standard, and considered
the modifying effects of gender, attained age, age at exposure, and
time since exposure.

In the second follow-up, 17,448 cancers were identified among
the LSS cobort members (Table 2). The largest group of tumors
(n=10,052) is of the digestive system, and stomach cancer which is
a very common cancer in Japan was the most frequent cancer of the
digestive tract. There were over 1000 cancer cases of the respiratory
system, female genital organs, and breast cancer.

For ali solid cancers combined, the dose response was linear and
we saw no evidence of non-linearity, A statistically significant dose
response trend was seen in the 0 - 0.15 Gy range, and this trend was
consistent with that observed for the full dose range. The ERR per
weighted colon dose in gray (ERR/Gy) for solid cancer was higher
for women than men and decreased with increasing age at exposure
and attained age. The EAR per 10,000 person years per weighted
colon dose in Gy (EAR/I0* PY Gy) was also higher among women
and decreased with increasing age at exposure, but increased with in-
creasing attained age. When gender-specific cancers were excluded
from the analyses, the ERR/Gy remained significantly higher for

Elaine Ron et al.: Cancer Incidence Risk in A-Bomb Survivors

Table 1. Dose distribution in the I.SS incidence cohort

Daose (Gy) Number of Subjects Percentage {%a)
Not in city 25,247 239
< (.005 35,545 33.7
0.005 - 0.1 27,785 26.4
0.1-02 5,527 52
02-05 3,935 5.6
0.5-1 3,173 3.0
i-2 1,647 1.6
2+ 564 0.5
Total 105,427 100

Fable 2. Distribution of solid cancers identified among
the LSS cohort members during the period of 1958-1998

Site Number of subjects
Digestive system 10,052
Respiratory system 2,001
Female genital 1,457
Breast 1,082
Urinary system 741
Thytoid 471
Skin 347
Male pgenital 420
Oral cavity 277
Nervous system 281
Other solid cancers 319
Total 17,448

ferales than males, but the gender difference disappeared when an
absolute risk model was used. Lifetime solid cancer risk estimates
appeat to be about 20 times higher than those observed for leuke-
mia.

As a result of the second follow-up, there is now a suggestion of
an excess relative risk for endometrial cancer among women exposed
before age 20. We also have identified radiation effects for male
breast cancer, and found strong evidence that some time paiterns dif-
fer when using the ERR and the EAR models. Using an EAR model,
risk increased with increasing age, whereas the risk decreased with
an ERR maodel,

Patterns of organ (or site) specific risks generally were similar to
those seen in the previous follow-up, but the risk patterns have be-
come clearer for some cancers. High ERRs were found for cancers
of the bladder, breast and lung, while high EARs were seen for
cancers of the stomach, breast, colon and lung. Assessing site-specific
cancer risks is important, but because there are considerably fewer
cases, it is difficult to identify significant differences in risk estimates
or patterns. Biologically it is almmost certain that variation in site-
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