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reported on elimination of modification induced by
buffered formalin fixation, although RT-PCR amplifi-
cation of RNA extracted from archival formalin-fixed,
paraffin-embedded tissue was hindered not only by
degradation of RNA but also by modification of RNA
bases by formalin. Preheating of RNA in TE buffer (pH
7.0) restored the template activity of RINA extracted
from buffered formalin-fixed tissue where clear bands
of 188 and 28S rRNA were still detected with partial
degradation (Masuda et al, 1999). The reaction be-
tween formaldehyde and nucleotide monomers takes
place in two steps. Primary reaction is to form labile
methylol-derivatives by addition of formaldehyde
group to NH-group of bases. Secondary slow reaction
is to give rise to stable methylene derivatives in only
amino purines {Feldman 1973; Auerbach et al. 1977).
The reaction between formaldehyde and RNA is also
thought to occur in the same manner. In fact, matrix-
assisted laser desorptionfionization—time of flight
(MALDI-TOF) analysis has indicated that all four
bases of RINA treated with buffered formalin were
meodified mainly by addition of mono-methylol groups
(Masuda et al. 1999). Modification of nucleotides by
addition of methylol groups is a reversible reaction:
heating of RINA with 10 mM TE buffer (pH 7.0) at 70C
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results in removal of methylol derivatives from bases
(Masuda et al. 1999).

Our results indicate that efficiency of RT-PCR
amplification with degraded RNA extracted from
long-term preserved unbuffered formalin-fixed, paraf-
fin-embedded tissue specimens (for 19 to 21 years) is
improved by the heating of RNA in citrate buffer prior
to ¢cDNA synthesis. This enhanced efficiency was
possibly caused by RINA modification elimination and
subsequent RNA template activity restoration.

Fragment sizes of ~60 bp can be amplified success-
fully at a rate of ~80% by RT-PCR, even when using
RNA extracted from archival formalin-fixed, paraffin-
embedded tissue samples stored for a long period.
However, as in the case of amplification of the N-ras
gene in two samples used in this study, archival tissue
samples still remain in which a weak band is only
vaguely observed or not detected even when fragment
size by RT-PCR amplification is ~60 bp.

Furthermore, when amplicon size is very small, it is
often difficult to design primers in restricted regions
such as fusion points, Therefore, increased efficiency of
RT-PCR amplification by the preheating of RNA is
most effective when only limited quantities of archival
formalin-fixed, paraffin-embedded tissue samples are
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available for study or when the designing of primers in
restricted regions cannot be avoided.

Heat treatment with alkaline solution (pH 9-12} for
DNA extraction from archival formalin-fixed, paraffin-
embedded tissue increased the efficiency of DNA ex-
traction, resulting in enhanced PCR amplification (Shi
et al, 2002,2004). Our results demonstrate that heat
treatment in cirrate buffer with pH ranging from 3 to
6.5 improves to some extent the efficiency of RT-PCR
amplification of RNA extracted from archival formalin-
fixed, paraffin-embedded tissue, whereas treatment of
RNA with pH solution ranging from 9 to 10 reduced the
efficiency of RT-PCR amplification. These findings
indicate that RNA or DNA modification induced by
formalin may be removed more efficiently by preheating
in acidic or alkaline buffer compared with neutralized
buffer. The efficiency of RT-PCR amplification en-
hanced by RNA preheating in citrate buffer (pH 3-6.5)
may be due to the fact that RNA is relatively stable in
weak acidic solution but unstable in alkaline solution.

Treatment with highly concentrated citrate buffer
reduced the efficiency of RT-PCR amplification of RNA
compared with non-treated RINA. In our experiment,
incubation time of 30-60 min in citrate buffer with pH
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4.0 was the most efficient method for RT-PCR ampli-
fication. A longer incubation time, such as 2 hr, resulted
in slightly decreased efficiency of RT-PCR amplification,
suggesting that degradation of RNA may occur to some
extent during the long preheating in citrate buffer at 70C.
Preheating of RNA in citrate buffer resulted in
improved efficiency of RT-PCR amplification in all five
archival tissue specimens examined, suggesting that this
method is useful for molecular analyses of long-term
preserved tissue specimens. This technique will enable
the qualirative analysis such as DNA rearrangement
using degraded RNA extracted from archival unbuf-
fered formalin-fixed, paraffin-embedded tissue speci-
mens that have been stored for more than several
decades. It will shed light on the retrospective studies of
rare cancers or cancers associated with exposure to
uncommon past events such as Thorotrast treatment,
nuclear power station accidents, or atomic bombings.
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Short-Term Culture and yH2AX Flow Cytometry
Determine Differences in Individual Radiosensitivity
in Human Peripheral T Lymphocytes
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Histone H2AX, o subfamily of hisione H2A, is
phosphorylated and forms profeinacecus repair
foci at the sites of DNA doublestrand breaks in
response fo genotoxic insults, such as ionizing
radiation. This process is believed to play a key
role in the repair of DNA damage. In this study,
we established a flow cytometry [FCM) system for
measuring radiation-induced phosphorylated his-
tone H2ZAX [yH2AX) in cultured human T lympho-
cytes fo evaluate individual radiation sensitivity in
vitro. hrradiation of shortterm (~7 days) cultured
T lymphocyles exhibited significant interindividual,
but not inferexperimental, differences in the cellu-
lar content of vH2AX 6 hr after 4 Gy of Xirradia-
fion in three independent experiments using pe-
ripheral blood lymphocytes from six  healthy
donors, However, these differences were not as

marked in uncultured lymphoeytes, or lymphocytes
that were cultured for a prolonged period |~ 13
days). The variation of yH2AX focus formation in
lymphocytes of individuals was reproducible, with
differences reaching about 1.5fcld following 7
days of culture. Therefore, the FCM-based vH2AX
measurement appeared fo reflect both the tempo-
ral course and the amount of DNA damage within
the irradiated lymphocyies. Further, we confirmed
that the differences in residual lymphocyte subsets
were not involved in individual radiosensitivity.
These resulis suggest that the FCM-based yH2AX
assay using cultured T lymphocyles might be use-
fut for the rapid and reliable assessment of individ-
val radiation sensitivity involved in DNA damage
repair. Enviren. Mol Mutogen. 48:38-47, 2007.

@ 2006 Wiley-Liss, Inc.
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INTRODUCTION

It is believed that interindividual variability in the cellular
responses o genotoxic agents, e.g., ionizing radiation, is a
critical element in reliably estimating cancer risks in exposed
individuals and populations. To assess individual sensitivity
to radiation exposure in vitro, different endpoints measuring
radiation-induced cellular damage, such as DNA strand-
breaks, chrornosomal damage, and lethality, have been stud-
ied. For example, increased radiation sensitivity to chromo-
some damage has been observed not only in a number of
heritable cancer-prone disorders, but also in a significant pro-
portion of sporadic cancer cases [Parshad et al.,, 1996; Scott
et al., 1998, 1999; Roberts et al, 1999; Terzoudi et al.,
2000]. A positive association has been demonstrated for
humans between chromosome aberration frequency in pe-
ripheral blood T lymphocytes and cancer susceptibility
{Hagmar et al., 2004]. Further, a possible positive correlation
has been recognized between the radiosensitivity of lympho-

© 2006 Wiley-Liss, Inc.

cytes itradiated in viro and in vivo exposure, specifically
when survival is used as the endpoint [West et al., 2001].
Analyses of chromosomal abermrations and estimates of sur-
vival responses, which these studies used, are sensitive and
reliable biomarkers for the assessment of cellular damage,
but they require considerable labor and a high degree of
technical skill. Bioindicators of an individual’s inherent
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radiosensitivity, and perhaps cancer risk that is easily and
reliably measured, need to be identified and developed, pref-
erably using high throughput assay platforms and highly
objective criteria to quantitate endpoints.

It is well known that DNA double-strand breaks
(DSBs) in cell nuclei are generated by sufficiently intense
exposure to genotoxic agents, including ionizing radiation.
In response to DSB generation, histone H2AX, a subfam-
ily of histone H2A, is rapidly phosphorylated by members
of the PI3 kinase family (ATM, DNA-PK, and ATR)} and
forms proteinaceous foci that cover large regions (at least
2 Mb) surrounding DSB sites [Rogakou et al., 1998].
Antibody-specific immunofluorescence has been used to
visualize the time course of phosphorylated HZAX
(yH2AX) development and regression in irradiated cell
nuclei and indicates that foci continue to grow for about
1 hr after irradiation and then decrease in both size and
number as DSB-rejoining proceeds in damaged cells. This
process is believed to be critical to cellular repair of
DNA damage [Paull et al., 2000; Celeste et al., 2002,
2003; Kobayashi, 2004]. Since the number of yHZAX
foci closely corresponds to the number of DSBs in cells
[Rogakou et al., 1999], counting vyH2AX foci has fre-
quenily been used to estimate DSBs in cells following
genotoxic stress and the subsequent repair of DNA dam-
age. The vH2AX focus-based assay is generally regarded
as being more sensitive in detecting DSBs than more con-
ventional assays, such as pulse-field gel electrophoresis
(PFGE). neutral single cell electrophoresis (Comet assay),
or the DNA elution assay [Takahashi and Ohnishi, 2003].

Flow cytometry (FCM)-based yH2AX assays, which
have high-speed and high-sensitivity, have been devel-
oped previously, but applied solely to assessing the gener-
ation and repair of DSBs in various tumor cell lines
[MacPhail et al,, 2003a,b; Banath et al, 2004]. In this
study, we attempted to establish a reliable and straightfor-
ward system for detecting in vitro radiarion-induced DSBs
in cultured T lymphocytes from normal healthy humans
using YHZAX FCM. Further, we attempted to validate the
assay’s applicability for analyzing individual radiation
sensitivity in human populations.

MATERIALS AND METHODS
Celt Culture

Venous peripheral blocd was obtained with informed consent from six
healthy adults (four males aged 33, 38, 49, and 49, and two females
aged 40 and 49} at our laboratory. We obtained approval from the
Human Iivestigation Committee of the Radiation Effects Research Foun-
dation at the time this study was carried out. Peripheral blood mononu-
clear cells (PBMCs) were separated by Ficoll-Hypaque density gradient
centrifugation (LSM Lymphocyte Separation Medium; MP Biomedicals,
Aurora, OH). T-lymphocyte cultures were established and maintained as
described previously [Kushire et al., £992]. In brief, separated PBMCs
were distributed into each well of a 24-well plate (Comning, Corning,
NY} at 5 X 10° cellsfwell with 2 m] GIT medium (Wako Pure Chemical
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Industry, Osaka, Japan) containing 10% fetal bovine serum (FBS; Inter-
gen, New York, NY), 2% L-glutamine (Invitrogen, Carlbad, CA), 2%
penicillin-streptomycin {invitrogen), 1:3.200 Phytohemagglutinin (PHA;
Difco Laboratories, Detroit, MI), and 10 ng/m] human recombinant intes-
leukin-2 (rIL-2; Pepro Tech, London, UK), and cultured for 7 days at
37°C in 5% CO, and 95% air. Afier 7 days of culture, propagated T
lymphocytes were collecied and resuspended in fresh media for analyses.
B-lymphablastoid cell lines were established by incubating PBMCs with
a culture supernatant of Epstein-Barr virus-producing B95-8 cell lines
[Kusuncki et al,, 1995]. The B-cell lines were maintained by weekly
replacement of pari of the cuitere with fresh GIT medium, supplemented
with 10% FBS, 2% L-glutamine, and antibiotics.

X-lrradiation

Cells were resuspended in wells of 24-well plates at an approximate
cell concentration of I X 10° ml. irradiated with 1,2, 4, or 8 Gy of X-
rays, and further cultured for 1, 2. 6, or 24 hr after X-irradiation. irradia-
tion was performed at a dose rate of 0.7 Gy/min at room temperature
using an X-ray irradiator (HF-320; Shimazu, Kyoto. Japan) equipped
with 0.5-mm Al and 0.3-mm Cu filters at 220 KVp and 8 mA. To ensure
accurale comparison ameng different samples, the samples were irradi-
ated simulianeously.

YH2AX FCM

Cells cultured after X-irradiation were fixed in 70% ethanol at a cell
concentration of 4 X 10° ml and kept at —20°C until use. Fixed cells (30
pl, 2 % 10% were added with 150 pl phosphate buffered saline (PBS;
Sigma-Aldrich, St. Louis, MO) in the wells of a 96-well U-bottom plate
(Becton Dickinson, Franklin Lakes, NJ) and centrifuged at 450g for 3 min.
The cells were washed twice with PBS and then resuspended in 50 pl per-
meabilization buffer (0.5% saponin, 10 mM HEPES, pH 7.4, 140 mM
NaCl, 2.5 mM CaCly). Following incubation with 4 ul mouse monoclonal
antiphosphohistone H2A,X (Ser139) antibody (Upstate, Lake Placid, NY)
diluted 1:100 with PBS containing 1% FBS, and 0.01% NaN, for 20 min
at room temperature, the cells were washed with PBS containing 0.1% sap-
onin. Subsequently, 40 pl secondary antibody, Alexa 488 F(ab'); fragment
of goat antimouse IeG (H + L) (Molecular Probes, Eugene, OR) diluted
1:50 with PBS {containing 196 FBS, 0.01% NaN,), was added to the cell
pellet, and the celi suspension was incubated for 20 min at room tempera-
ture. Afier the reaction, the cells were washed and resuspended in PBS
containing 1% FCS, 0.01% NaN; containing 5 pg/ml propidium jodide
(PI; Wako Pure Chermnical Industry), and 40 ng/ml RNase A (MP Biomedi-
cals, Aurora, OH) for at least 30 min prior to FCM. Expression levels of
yH2AX in 1 X 10* cells were analyzed uvsing a FACScan (BD Bioscien-
ces, Franklin Lakes, NI). Siace it was necessary io compare vH2AX levels
within lymphocytes of six healihy adults under the same experimental con-
ditions, all samples were measured on the same day. Data analysis was
conducted using Flowjo software (Tree Star, Ashland, OR). Radiation-
induced YH2AX levels were determined by relative vH2AX fluorescence
intensities, i.e., differences between the mean fluorescence of unirradiared
and irradiated cells. In 2 selected number of experiments, appropriate frac-
tions of cultured T lymphocytes were sorted with the cell sorter, JSAN
(Bay Bioscience, Kobe, Japan), and subsequently analyzed microscopically.
For these cell sorting experiments we used 4’ 6-diamidino-2-phenylindole
dihydrochloride hydrate (DAPI; Wako Pure Chemical Industries) at 1 pg/
ml instead of PI for DNA staining.

Lymphocyte Viability and Phenotype

Culwured T cells were stained wish FITC-labeled anti-Annexin V (MBL,
Nagoya, Japan) and P, and subsequently assessed for viability using a
FCM methed described previously [Ohara et at.,, 2004]. Lymphocyte sub-
sets in both uncultured and cultured celi populations were examined using
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Fig. 1. Flow cytometry (FCM) analysis of phosphorylated H2ZAX  SSC). (B} Subsequent rough gating on the diploid cell fraction. (C) Final

(yH2AX) in cultwred T lymphocytes and uncultured fymphocytes 6 hr
after 0 or 4 Gy of X-irradiation. Dashed {(Doner 2) and solid (Donor 6}
lines indicate vH2AX histograms in two individuals who showed the
second highest and the lowest sensitivity to radiation-induced yH2ZAX
expression among six healthy adults (Fig. 5). (A) Gating on the viable
single-cell events based on forward and side light scattering (FSC and

an FCM method, as described previously [Kusunoki et al,, 1998]. For these
analyses, cells were stained with CD3-PerCP, CD4-FITC, CD8-PECyS,
CD20-FPE (BD Biosciences Pharmingen, San Jose, CA), CD16-FITC, or
CD45RA-PE antibodies (Beckman Coulter, Miami, FL).

T-tymphocyte Sorting

Freshly isolated lymphocytes were stained with PE-labeled CD3,
PECy7-labeled CD4, and FITC-labeled antibodies (BD Biosciences).
CD3+/CD4+ and CD3+/CD8+ fractions were isolated using JSAN. The
cell fractions were then cultured by the method described above, and
subsequently used for yH2AX FCM analyses. The percentages of viable
CD3+/CD4+ and CD3+/CD8+ cell fractions recovered after 7 days of
culture were 98% and 99%, respectively.

Fluorescence Microscopy Analysis

Cells stained with anti-yH2ZAX and Alexa 488-labeled secondary anti-
bodies, as described above, were cytocenirifuged onto glass slides (Cyto-
spin 3; Shandon, Cheshire, UK), air-dried and mounted with an antifade
solution containing 125 ng/ml DAPL

The cells were visualized with a fluorescence microscope, and repre-
sentative images were captured and automatically analyzed using Image
Pro Plus 4.5 software (Pilanetron, Tokyo, Japan}). The software incorpo-
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strict gating on G1 cells showing the FL3 (PI) peak channel £20 fiuo-
rescence units. (D) yH2AX histograms in the strictly gated G1-cetl popu-
lation of unirradiated cultured T lymphocytes. (E) yH2AX histograms in
4 Gy irradiated culiured T lymphocytes. (F) yH2AX histograms in uni-
rradiated fresh lymphocytes. (G) YH2AX histograms in irradiated fresh
lymphocyies.

rated a macroprogram desigred to aid in enumerating the number of
yH2AX foci per cell by identifying nucleus position and the associated
number of foci via thresholding the area and diameter of foci.

Statistical Analysis

Distributions of values for vH2AX levels were analyzed for interindi-
vidual or interexperimental variations by one-way analyses of variance
(ANOVA). Associations between levels of yH2AX measured by FCM
and the number of YH2ZAX foci per cell measured microscopicatly in
appropriate cell fractions were analyzed vusing the Jonckheere-Terpstra
test (SPSS ver. 13.0; SPSS, Chicago, IL).

RESULTS
vH2AX FCM Gated on G0/Gl1 Phase Cells

It is known that vH2AX focus formation appears not
only in cells in which DNA DSBs have been induced, but
also in those undergoing DNA synthesis and mitosis [Ichi-
jima et al., 2005; McManus and Hendzel, 2005] or apo-
ptosis [MacPhail et al,, 2003b; Mukherjee et al., 2006].
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Fig. 2. Dose responses of yH2AX levels in uncultured lymphocytes
(A,B) and cultured T lymphocytes (C,D) from Donor 2 (dashed-dotted
lines) and Donor 6 {solid lines). Cultured T lymphocytes were irradiated
with 0, 1, 2, 4, and 8 Gy of X-rays and analyzed for yYH2AX expression

To ensure the accuracy of measurements specific for radi-
ation-induced yH2AX, X-trradiated cells were simultane-
ously analyzed for yH2AX expression and DNA content
by FCM. The yH2AX levels were determined in cell frac-
tions gated on the GO/G1 phase. Figure 1 shows an exam-
ple of FCM used for determining the vH2AX level in
irradiated cells. After gating on viable single-cell events
based on forward and side light scattering (Fig. 1A) and
subsequent gating on diploid cells (Fig. 1B), GO/G1 phase
cells were clearly distinguished by their DNA content, as
reflected by peak channel fluorescence (%20 fluorescence
units) from the other events (Fig. 1C). The yH2AX level
in the GO/G1 phase cell populations was determined by
the geometric mean of YH2AX fluorescence.

Sensitivity of yH2AX FCM Using Cultured and
Uncultured Lymphocyte Populations

Measurements of radiation-induced vH2ZAX levels within
cultured T lymphocytes and uncultured fresh lymphocytes
were carried out and validated using FCM. Figure 1 shows
typical FCM patterns observed in cultured and uncultured
cells 6 hr after either 0 or 4 Gy of X-irradiation. Donors 2
and 6 provided the cells for these experiments, and as
described later, they showed the second highest and the low-
est sensitiviies to radiation-induced YH2AX expression

1 hr (A,C) and 6 hr (B,D) after irradiation. There was a significant linear
correlation (r > 0.86) between relative yH2ZAX level and radiation dose
for each donor both 1 and 6 hr after irradiation.

among the six individoals we studied. We detected signifi-
cant differences in the levels of yH2AX fluorescence levels
between these two individuals in T-lymphocytes cultured for
7 days prior to irradiation, whereas there was no obvious dif-
ference in YH2AX expression level when we used unculured
lymphocytes (Fig. 2). A linear relationship existed between
radiation dose and yH2AX expression level in both cuttured
and uncultured lymphocytes from both of these individuals
{Fig. 2). One hour after irradiation, the radiation dose effect
in unculowred lymphocytes was about half of that found in
cultured T lymphocytes (Fig. 2A). Six hours after irradiation,
a similar difference also was observed between uncultured
and cultured lymphocytes for Donor 2, whereas the dose
effect difference was smaller for Donor 6 (Fig. 2C). We also
observed by FCM a clear difference in the dose response of
YH2AX expression by cultared T lymphocytes of these two
individuais when assayed at 1 and 6 hr after irradiation. By
contrast, the difference in the dose response was not obvious
in uncultured lymphocytes from the same donors.

Although we also tested EBV-transformed B-cell lines
for yH2AX expression after irradiation, and obtained sim-
ilar dose responses to those of cultured T lymphocytes,
the responses of several B-cell lines prepared from the
same six blood donors were not as consistent in terms of
the yH2ZAX levels produced by given doses of irradiation
(data not shown). These results suggest that in terms of
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analyzing individual variability in the level of radiation-
induced yH2AX expression by FCM, cultured T lympho-
cytes are preferable to the other sources, in terms of sen-
sitivity and reliability.

Preirradiation Cultures and Postirradiation Time Course

Changes of vH2AX levels in cultured T lymphocytes
from the six healthy adults were analyzed at 1, 2, 6, and
24 hr after 4 Gy irradiation in three independent experi-
ments. Results from a typical experiment are shown in
Figure 3. The yH2AX level reached a peak 1 or 2 hr after
radiation exposure and then gradually decreased with

90

6ol |

X F s

30

Relative yH2AX level
T —

Time (hr) after 4-Gy irradiation

Fig. 3. Time course of radiation-induced yH2AX expression in cultured
T lymphocytes from six healthy individoals, Cellutar vH2AX levels
were measured 1, 2, 6, and 24 hr after 4 Gy irradiation. The verical axis
indicates relative yH2AX fluorescence intensity, which is the geometrical
mean of the yYH2AX level in irradiated cells minus that in unirradiated
cells.

time. Even though the time-course pattern did not differ
appreciably among the individuals, variations in yYH2AX
levels were observed at various times following irradia-
tion. For example, yYH2AX levels, 6 hr after 4 Gy irradia-
tion, differed by about 1.5-fold in the highest vs. the low-
est responding donors. Next, we examined whether the
period of T-cell culture before irradiation affected the
reliability of yH2AX measurement for individoal variabil-
ity. For this experiment, cells from the two individuals
who showed the second highest and the lowest yYH2AX
levels at 6 hr after wrradiation were used (i.e., as does
the experiment shown in Figure 3; Donors 2 and 6). As
shown in Figure 4, similar differences between these two
individuals were detected when T lymphocytes were cul-
tured for 5-13 days before irradiation. However, the dif-
ference was not as obvious in T lymphocytes cultured for
13 days as in those cultured for 5-10 days (Fig. 4).

Interindividual and Interexperimental
Variations in YH2AX Level

To assess whether individual differences in radiation-
induced yH2AX levels could be observed reproducibly,
three independent experiments were carried out using T
lymphocytes obtained at different times from the same six
individuals. Lymphocytes were cultured for 7 days before
4 Gy irradiation, and both interindividual and interexperi-
mental variations were analyzed statistically for each time
point after irradiation. Interindividual variation in radia-
tion-induced vH2AX levels was highly significant for ev-
ery time point (Fig. 5). Although interexperimental varia-

Relative yH2AX level

Time {hr} after 4-Gy irradiation

Fig. 4. Time course of levels of radiation-induced vH2AX expression
in T lymphocytes cultured for 5 (A), 7 (B), 10 (C), and 13 (D) days
from Donors 2 {dashed-dotted lines) and 6 (solid lines). yH2AX levels

were measured 1, 2, 6, and 24 hr afier 4 Gy irradiation. The vertical axis
indicates relative yH2AX intensity, which is the geometrical mean of the
vH2AX level in irradiated cells minus that in unirradiated cells.
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Fig. 5. Variability in the level of radiation-induced yH2AX among six
healthy aduits, Three independent experiments were carried out using T
lymphocytes obiained from: the same six individuals and cultured for 7
days before 4 Gy irradiation. Values obtained from the same experiment
are plotted with the same symbols. Distributions of individual values for
radiation-induced vH2AX level were analyzed for interindividuai and
interexperimental variation by one-way analysis of variance (ANOVA).
(A) Relative yH2AX levels 1 hir after irradiation. Interindividual variabil-

tion was significant, or marginally so, for | and 2 hr after
trradiation, there was no significant interexperimental var-
iation in the yH2AX level 6 hr after irradiation. These
results suggest that for the assessment of individual radia-
tion sensitivity relative to radiation-induced vH2AX lev-
els, measurements tested at 6 hr after irradiation are the
most reliable.

Relationship Between yH2AX Level Measured by FCM
and Number of yH2AX Foci Visualized by Microscopy

To ensure that the yH2AX level determined by FCM
corresponded to the number of YH2AX focl in each cell,
we sorted and collected three appropriate fractions show-
ing different levels of yH2AX and counted by fluores-
cence microscopy the number of vH2AX foci per cell in
each of the fractions collected. As shown in Figure 6, the
level of YH2AX measured by FCM almost paralleled the
mean number of yH2AX foci per cell in each fraction.
Statistical analysis using the Jonckheere-Terpstra test indi-
cated that there was a significant association between the
values determined by these different assays (P < 0.001).

We also analyzed the number of yH2AX foci in irradi-
ated cells of individuals with high and low T-cell radio-
sensitivity (Donors 2 and 6) and found that the vH2AX
levels analyzed by FCM closely corresponded with the

ity: F = 8.46; P = 0.002. Interexperimental variability: F = 11.5; P =
0.003. (B} The levels, 2 hr after imradiation. Interindividual variability:
F = 799; P = 0.003. Interexperimental variability: F = 3.13; P =
0.088. (C} The levels 6 hr after irradiation. Intesindividual variability:
F = 623, P = 0.007. Interexperimental variability: F = 1.64; P =
0.243. (D) The levels 24 hr after iradiation. Interindividual variability:
F = 5.25; P = 0.013. Interexperimental variability: F = 3.64; P =
0.065.

number of yYH2ZAX foci observed microscopically (Fig. 7).
Because the number of YHZAX foci represents the
number of DSBs in irradiated cells [Rogakou et al., 1999]
and positively correlates with radiosensitivity of the cells
[MacPhail et al, 2003a], differences in the level of
YH2AX expression 6 hr after irradiation may reflect the
difference in unrepaired DSBs. It should be noted, how-
ever, that there was no indication of radiation-induced ap-
optosis in cultured T Iymphocytes within this 6 hr postir-
radiation time-frame (data not shown). This suggests that
the radiation-induced vH2AX expression detected in the
present study by either FCM or by microscopy probably
does not involve apoptosis-related events resulting from
radiation exposure.

Lymphocyte Subsets and Radiation-induced yH2AX Levels

To characterize more fully the lymphocyte pools used
in the FCM-yH2AX assays, we determined the percen-
tages of lymphocyte subsets (CD3, CD4, CD8, CD16, and
CD20) before and 7 days after cualture for the six individ-
uals we studied. The cell population just before frradiation
was mainly composed of CD4 (10-40%) and CD§ (60—
80%) T-cell populations, and a majority of these T-cell
populations expressed a low level of CD45RA, a mem-
ory-phenotype indication. Other lymphocyte populations,
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Fig. 6. Associations between vH2AX levels measured with FCM and
the number of yH2AX foci determined by flucrescence microscopy in
irradiated cultured T-tymphocyte fractions from one individual (Donor
2). (A) Each cell fraction showing low (13 fluorescence channels), me-
dium (8-13 flucrescence channels), ot high (21-160 fluorescence chan-
nels) yH2AX fluosescence intensities was sorted from cultured T lym-
phocytes obtained from one individval and stained for yH2ZAX expres-
sion 6 hr after 2 Gy irradiation. (B) Box plots of the number of foci per
cell in each cell fraction, Totally 130-170 cells for each fraction were
apalyzed by fluorescence microscopy using Image Pro Plus 4.5 software.
The horizontal line in each of the middle of boxes marks the median
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value in each fraction. The iower and upper edges of each box mark the
25th and 75th percentiles, respectively, and thus the central 50% of the
data values fail within the range of the box. The vertical lines extending
up and down from each box show the largest and the smallest values
observed, respectively, and open circles mark the “outside values,”
which are between 1.5- and 3.0-times higher than the 75th perceatile
values. The Jonckheere-Terpstra test indicated that there was a signifi-
cant association between vH2AX levels measured with FCM and the
number of vH2AX foci determined by fluorescence microscopy (P <
0.001).

Donor 2 Donor §
Number of foci 1085 1082
Cells analyzed 117 147
Average (foci / cell) == SD 93 *58 7.4 :+40

Fig. 7. Fluorescence microscopy analysis of yH2AX foci in cultured T
lymphocytes from two individuals {(Donors 2 and 6). The number of foci
in cells was analyzed 6 hr afier 4 Gy irradiation using Image Pro Plus

namely B and NK cells, were quite small (less than 3%).
There was no obvious relationship between levels of radi-
ation-induced vyH2AX in individuals and percentages of
lymphocyte subsets either before or after cell culture
(data not shown). To further support the idea that differ-
ences in the CD4 and CD8 T-cell ratio does not contrib-
ute to individual differences in radiation-induced yH2AX
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4.5 software. The average mumber of yH2AX foci per cell differed
significantly between these two individuals (P = 0.004, the Students’
-test),

expression, we analyzed vH2AX levels in separately cul-
tured and irradiated CD4 and CD8 T-cell fractions from
Donors 2 and 6. There was no obvious difference in the
levels of radiation-induced vH2AX between CD4 and
CD8 T-cell subsets in the same individuals. Difference
between these individuals in terms of these subsets were
apparent, i.e., YH2AX levels in CD4 and CD8 T-cell sub-



sets of Donor 2, 6 hr after 4 Gy irradiation were 32.0 and
28.7, respectively, whereas those in the comparable sub-
sets of Donor 6 were 26.4 and 24.3, respectively. These
results suggest that the differences in radiation-induced
YH2AX levels in cultured T lymphocytes batween indi-
viduals are not related to differences in the proportion of
Iymphocyte subsets within the test samples.

DISCUSSION

In this study, we established an FCM system for meas-
uring levels of radiation-induced vyH2AX in human lym-
phocytes to assess individual differences in radiation sen-
sitivity to DNA damage in vitro. Currently, yH2AX focus
formation is being used as a DNA damage marker, spe-
cifically for DSBs induced by exposure to various geno-
toxic agents, such as ionizing radiation [Rogakou et al.,
1999]. yH2AX recruits other enzymes related to the
DNA tepair process (such as 53BP1, BRCAI1, the NBS/
MREI1/RADS0 complex), and thereby plays a key role
in early phases of the repair of damaged cells {Paull
et al., 2000; Celeste et al., 2002, 2003; Kobayashi, 2004].
We thought that by measuring cellular levels of yH2AX
by high-throughput FCM, a rapid and accurate assessment
of radiation sensitivity in human individuals might be
possible. It has been reported that the background
vHZAX level in normal cells differs at each phase of the
cell cycle and appears particularly high at the § to G2/M
phases [Ichijima et al., 2005; McManus and Hendzel,
2005]. Our FCM system can analyze radiation-induced
vyH2AX levels in cells at each phase of the cell cycle,
which has been very difficult using conventional fluores-
cence microscopy analysis. Therefore, one major advant-
age of our method is that Gl-phase cells, with low back-
ground vH2AX levels, can be selectively targeted for
analyses.

We expect that the yH2AX FCM system established in
this study will allow straightforward assessments of both
individual sensitivity to radiation-induced DNA damage
and individual ability to repair such DNA damage. By
applying YH2AX FCM to an epidemiological follow-up
study cohort, such as the A-bomb survivor populations in
Hiroshima and Nagasaki, we will be able to address the
important gquestion of whether or not individuals who
have lower DNA repair ability have higher mutability in
response to radiation, and in turn, higher risks of radia-
tion-related cancers.

In this study, radiation-induced yH2AX levels in blood
Iymphocytes appeared to be about 1.5-fold higher if the
cells were cultured for 7 days prior to radiation exposure
{Fig. 2). It is highly likely that growth-stimulated T lym-
phocytes (via PHA and IL-2) were more severely dam-
aged by ionizing radiation than were resting peripheral
blood lymphocytes. This is consistent with an earlier find-
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ing of 20-fold increases in DNA repair synthesis follow-
ing jonizing irradiation of stimulated lymphocytes com-
pared with resting lymphocytes [Lavin and Kidson, 1977].
However, it is unclear why individual differences in radi-
ation-induced yH2AX levels can be detected more readily
in cuoltured T lymphocytes than in freshly isolated and
resting lymphocytes. This partly may be due to the rela-
tively low yH2AX levels within resting irradiated lym-
phocytes that have not been growth-activated in vitro and
the substantial differences in metabolic status between cul-
tured and uncultured lymphocytes, such as specific varia-
tions in activities of DNA repair enzymes. However, it has
been previously reported that the transcriptional levels of
most DNA repair genes were not significantly increased in
PHA-stimulated lymphocytes when compared with levels
in resting lymphocytes [Mayer et al., 2002]. Therefore, it is
unlikely that differences in the activity of DNA repair
genes are the cause of individual differences in residual
vH2AX levels in irradiated cultured T lymphocytes. Alter-
natively, differences in radiation sensitivity between cul-
tured and uncultured T lymphocytes might result from dif-
ferences in the ability of irradiated cells to scavenge DNA-
damaging radicals induced by ionizing radiation. Further
testing is required regarding whether the genes responsible
for radical scavenger proteins are substantially upregulated
in cultured T lymphocytes, and whether there are differen-
ces in levels of these proteins in cultured T lymphocytes
from different individuals.

Differences in individual radiosensitivity were not as
obvious in T lymphocytes cultured for 13 days (Fig. 4).
Previously, it had been shown that the cell growth rate
declined appreciably in similar T-cell cultures 10-14 days
after the beginning of culture [Ishioka et al., 1997]. This
decline may have been simply due to growth arrest medi-
ated by attenuated T-cell receptor and/or growth factor
signals. Simply stated, the diminished responses were
probably the result of the cultured T lymphocytes being
in a resting state at the time of testing (13th day).

vH2AX levels detected with FCM in a given fraction
of irradiated T Iymphocytes were able to fully reflect the
mean number of microscopically detected YH2AX foci
per cell in the same fraction (Fig. 6). It is probable that
the YH2ZAX detected by FCM was related to the levels of
radiation-induced DSBs in the same fraction as well. It is
therefore likely that individual differences observed in
YH2ZAX-FCM are related to differences in the degree of
DNA damage and in the individual’s ability to repair
DNA damage.

In this study, there was no obvious difference in radia-
tion-induced yH2AX levels between CD4 and CD8 T-cell
populations obtained and cultured from the same individu-
als. Our previons study [Nakamura et al., 1990] showed
that survival fractions after in vitro irradiation did not dif-
fer significantly between these subsets when they were
isolated from the same individuals and hradiated before
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culture with PHA and IL-2. Radiation-induced micronu-
cleus frequencies also were similar among peripheral T-
cell subpopulations [Ban and Cologne, 1992]. Therefore, it
is likely that CD4 and CD8 T lymphocytes, which com-
prise the majority of peripheral blood T lymphocyies, ex-
hibit comparable radiation sensitivities independent of their
activation. Moreover, the culred T-lymphocyte popula-
tions used in the present study for individual radiation
sensitivity appeared to be mainly composed of memory T-
Iymphocytes, with more than half memory CD8 T-lympho-
cytes. It has been reported that memory T-lymphocytes are
more radjation-sensitive than naive T lymphocytes [Uzawa
et al., 1994). Therefore, it is possible that excessive prolif-
eration of memory CD8§ T-lymphocytes in the culture
might affect the individual radiosensitivity difference that
we detected with yH2AX-FCM. However, it is unlikely
that the differences in the percentages of memory CD8 T-
lymphocytes in the tested cell samples were related to the
individual variability in radiation-induced yH2AX levels
{data not shown). Accordingly, we believe that these rela-
tively small differences in the proportion of T-lymphocyte
subpopulations do not significantly influence the yH2AX-
FCM testing procedures that we described for evaluating
radiation sensitivity in vitro.
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Although if has been suggested that cardiovascular disease
incidence is increased among atomic bomb survivors, the ex-
istence of a causal relationship between radiation exposure
and atheroscleresis is unclear, Microbial infections, including
those caused by Chlamydia preumoniae, Helicobacter pylori
and cytomegalovirus, have recently heen implicated.in ath-
erosclerosis. Since immune function is somewhat impaired
among atomic bomb survivors, their immune defense apainst
such infections might be diminished, To investigate this pos-
sibility, we measured antibody levels te the above microor-
ganisms in the sera of survivers. We found that the levels of
IgG and IgA antibodies to Chlamydia pneumoniae decreased
significantly with radiation dose, whereas the levels of IgG
antibodies to Helicobacter pylori or cytomegalovirus remained
unchanged. The inflammation marker C-reactive protein was
significantly and positively associated with Ievel of antibodies
to Chlamydia preumoniae only in heavily exposed (=1000
mGy) survivors. These results may suggest that among atomic
bomb survivers, immune response to Chlamydia preumoniae
is diminished and chrenic inflammatory reactions related to
Chlamydia preumoniae infection are present. © 2006 by Rodiation
Rescavch Society

INTRODUCTION

Mortality and incidence studies have suggested that car-
diovascular disease is increased with radiation dose among
atomic bomb (A-bomb) survivors (7-3). Long-term inves-
tigation of patients treated with radiation therapy for Hodg-
kin’s lymphoma confirmed earlier observations that the

' Address for correspondence: Department of Clinical Studies, Radia-
tion Effects Research Foundation, 5-2 Hijiyama Park, Minami-ku, Hiro-
shirma 732-0815, Japan; e-mail: hakoda@rerf.or,p.

* Present address: Department of Nutritional Sciences, Faculty of Hu-
man Ecology, Yasuda Women's University, 13-1 Yasuhigashi 6-chome,
Asaminami-ku, Hiroshima 731-0153, Japan.
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treatment may have induced coronary heart disease (4, 5).
The total local dose received by such patients, however,
was about 30 Gy, whereas for A-bomb survivors, the total
dose typically did not exceed 3 Gy (6). The possibility
exists, therefore, that the mechanism for development of
cardiovascular disease in A-bomb survivors differs from
that in radiation therapy patients.

Although various factors initiate the atherosclerotic pro-
cess, of which coronary heart disease is a typical clinical
expression, inflammation accompanying activation of mac-
rophages and T lymphocytes plays a central role (7, 8). The
causal mechanism for development of this inflammatory
process is not fully understood, but infectious agents have
been implicated repeatedly (9-/2). Among several patho-
gens, Chlamydia pneumoniae, Helicobacter pylori and cy-
tomegalovirns have been investigated extensively, with
Chiamydia pneumoniae regarded as the mest plausible
cause for the pathogenesis of atherosclerosis (9—I2). Since
impairment of immune function, especially decreased T-
lymphocyte function, is suggested for A-bomb survivors
(13-16), infectious agents may provide a plausible expla-
nation for the development of atherosclerotic disease
among this population.

It has been reported that mortality due to pneumonia is
increased with radiation dose () and that this may be a
reflection of increased infections among A-bomb survivors.
Another example of increased infections among the survi-
vors is the increase in the prevalence of hepatitis B virus
surface antigen with radiation dose (J7-19). On the other
hand, tuberculosis mortality is not increased among A-
bomb survivors (/). To further investigate infections agents
implicated in atherosclerosis among A-bomb survivors, we
measured serum levels of antibodies to Chlamydia pneu-
moniae, Helicobacter pylori and cytomegalovirus in this
survivor population and evaluated the association of the
antibodies with radiation dose.

MATERIALS AND METHODS
Study Subjects

The study population comprised Adult Health Study (AHS) partici-
pants who had undergone biennial clinical examinations since 1958 at
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the Radiation Effects Research Foundation (RERF) in Hiroshima and
Nagasaki. The AHS was initiated to evaluate the long-term effects of
ionizing radiation from the atomic bombs on human health {207, The
original AHS cohort consisted of 19,961 indjviduals, approximately half
of whom were exposed to the bombs proximally (<2,000 m from the
hypocenter), with the other half exposed either distally (=3000 m from
the hypocenter) or not in the cities at the time of the bombings. The Iatter
group of survivors was thus not exposed to substantial levels of A-bomb
radiation. The design of the AHS has been described elsewhere (26). In
1977, 1,218 individuals whose estimated radiation dose was greater than
I Gy, and the same number of controls distally exposed to the bomb,
were newly added to the cohort. The 5,000 people who were not in the
two cities at the time of the bombings were excluded from the AHS
cohort in 1986. Thus there were 17,397 cohort members at that time.
When this study began in March 2000, 10,030 cohort members had died
and 1,058 had moved away from the two cities, so there were 6,309 AHS
cohort members who were potentially able to visit the RERF clinic.

While alimost 4,187 (66%) of the eligible cohort members agreed to visit
RERF and undergo health examinations, 119 (3%) of these people did not
consent to the antibody measurements for this study. Radiation dose estimates
(D886 whole-body kerma estimates) (21) were available for 3,476 (85%) of
the 4,068 participants with antibody measurements. We obtained written in-
formed consent from the subjects and approval from the institutional Human
Investipation Committee. Body weight and height were measured during the
participant’s clinic visit. Bedy mass index (BMI} was calculated by dividing
weight in kilograms by the square of height in meters. Smoking information
{number of cigarettes smoked per day) was obtained through interview by
nurses at the visit.

Laboratory Methods

Serum samples were obtained from each participant at the time of the
clinic visit. Serum was stored at —80°C until use. Frozen serum samples
obtained in Nagasaki were sent to Hiroshima for analysis. We used en-
zyme-linked immunosorbent assay (ELISA) kits to determine serum an-
tibedy levels. IgG and IgA antibodies to Chiamydia preumoniae were
measured using HITAZYME® C. pneumoniae Ab-IgG (Hitachi Chemical
Co., Ltd., Tokyo, Japan) and HITAZYME® C. pneumoniae Ab-IgA (Hi-
tachi Chemical Co., Ltd.), respectively. For IgG antibody to cytomega-
lovirus, we used CYTOMEGALO IgG (I)-EIA “SEIKEN” (DENKA
SEIKEN Co., Ltd., Osaka, Japan), and for IgG antibody to Helicobacter
pylori, we employed AUTOACE H. PYLORI G (AZWELL Inc., Osaka,
Japan). Using these ELISA kits, we measured antibody levels in serum
semi-quantitatively based on a comparison of optical density of the serum
samples with that of the standard materials provided in the kits. The
values obtained were expressed as units (U). In addition to sequential
antibedy levels, we used antibody status (positive or negative) for anal-
ysis. Following the manufacturers’ instructions, we scored antibody level
as positive if it measured =1.1 U for IgG or IgA antibody to Chlamydia
preumoniae, =16.5 U for 1gG antibody to Helicobacter pylori, and =4
U for IgG antibody to cytomegalovirus.

We measured serum level of C-reactive protein {(CRP), a sensitive
marker for inflammation, using a validated, high-sensitivity assay kit
(Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) and an auto-analyzer
(Clinical Analyzer 7170, Hitachi, Ltd., Tokyo, Japan), a robotic system
used for the assay of many routine clinical biochemical parameters.

Statistical Analysis

The relationship between measurements of antibody levels (response)
and radiation dose (dose) was analyzed by a multiple regression model,
with adjustment for city, gender, age and smoking history, as follows:

log(response) = « + Bycity + Bygender + Bylage — 70

+ Busmoking + Psdose,

where city = { for Hiroshima subjects, | for Nagasaki subjects; gender

= 0 for males, 1 for females; smoking = number of cigarettes smoked
per day; dose = exposed dose. Logarithmic transformation was applied
to the dependent variable response to obtain 2 more normal distribution
of antibody level. With this model, for any of the values of city, gender,
age and dose, the increased rate of response per gray was calculated as
¢Ps and its percentage change was 100(e — 1). The antibody levels for
nonexposed nonsmoking males aged 70 years in Hiroshima were esti-
mated by e®.

For analysis of the relationship between antibody level and log-trans-
formed CRP level, BMI centered at 23 kg/m? was included in the re-
aression model as follows:

log{CRP) = a + Bycity + B.gender + Bjlage — 70) + B,smoking
+ By(BMI — 23) + Bgdose + B.response

The interaction between radiation dose and antibody level was tested by
adding the term dose X response to the above model.

When the relationship was examired by dose category (0, 1-999 mSv,
and =1000 mSv), the following model was applied:

log(CRP) = o + Bycity + Bogender + Bylage — 70) + Bsmoking
+ Bs(BMI — 23) + Bgresponse + B,d, X response

+ Bgd, X response,

where d, = 1 for the 1-999-mGy group, = 0 otherwise; d, = 1 for the
=1000-mGy group, = 0 otherwise. Accordingly, for any of the values
of city, gender, age and BMI, the percentage change in CRP for 1 U of
antibody level was estimated as 100(ePoww — 1) for 0 mGy,
100 gt®srEnxamit — 13 for 1-999 mGy, and 100{e®s+Bxme — 1) for 21000
mGy. Heterogeneity among dose categories in the relationship between
CRP and antibody level was tested by the null hypothesis, H,: d, = d,
= (.

For the dichotomous summaries (positive or negative) of antibody mea-
surements, binominal odds regression model was used to analyze rela-
tionship with radiation dose, and adjustment was made for age, gender
and smoking history.

RESULTS

Table 1 shows the number of individuals in each radia-
tion dose category and the mean and median serum levels
of antibodies to Chlamydia pneumoniae, Helicobacter py-
lori and cytomegalovirus. The antibody level to cytomeg-
alovirus was not measured for the subjects who came to
RERF after about the halfway point of this study (14
months after the start of the study). Thus the antibody level
to cytomegalovirus was measured for 2,049 subjects but
was not for the rest of the subjects. This was because the
proportion of subjects who had a positive response to cy-
tomegalovirus was very high (more than 99%) among those
whose antibody level had been measured before that time.
A high prevalence of positive IgG antibody response to
cytomegalovirus was also reported in a different region of
Japan (22).

Table 2 shows the association of the level of IgG anti-
body to Chlamydia pneumoniae with radiation dose. Since
antibody level was significantly associated with male gen-
der, older age, and cigarette smoking, we adjusted for those
factors in addition to city in the multivariate regression
analysis. After the adjustments, the serum level of IgG an-

—233~



362 HAKQDA ET AL.

TABLE 1
Antibody Level and Positivity among Atomic Bomb Survivors

Radiation dose (mGy)

0 1-999 =1000
Number of individuals® 1,481 1,368 627
Mean age (years) 71.6 72.1 70.8
Mean dose {mGy} 0 315.8 15249
Male (%) 32,1 28.6 37.8
Mean BMI (SE) 23.0 (0.09) 23.1 (0.1 224 (0.1)
Current smoker (%) 4.3 14.2 13.1
Antibody level®
Chlamydia preumoniae, 1gG
Median level (U) 2.31 2.19 2.00
Mean level (SE) (1) 2.692 (0.036) 2.59 (0.052) 249 (0.081)
Positivity (%) 773 75.4 71.1
Chlamydia pneumoniae, IgA
Median level (1) 1.63 1.54 141
Mean level (SE) (U) 1.94 (0.036) 1.87 (0.038) 1.79 (0.055)
Positivity (%) 67.9 66.1 63.0
Helicobacter pylori, IgG
Median level (1) 41.1 38.2 452
Mean level (SE) (U 482 (1.1) 46.8 (L.0) 499 (1.7)
Positivity (%) 62.7 60.1 63.0
Cytomegalovirus, IeG
Median level (U) 478 51.7 474
Mean level (SE) (1) 61.9 (1.8) 624 (1.8) 62.0 (2.6)
Positivity (%) 99.2 99.6 99.2
CRP level
Median level {mg/dl) 0.062 0.066 0.062
Mean level (SE) (mg/dl) 0.11 (0.004) 0.12 {0.004) 0.12 (0.006)

“ For the measurement of cytomegalovirus IgG, the numbers of subjects were: § Gy: 858, 1-999 mGy: 816, and
=1000 mGy: 375.
& Antibody level is presented as median and mean values for quantitative measurements. Positivity is the proportion

of individuals whose antibody level was defined as positive, as described in the Materials and Methods, for each
dose category.

tibody to Chiamydia pnewmoniage was significantly and
negatively associated with radiation dose. The level of IgA
antibody to Chlamydia pneumoniae was significantly and
positively associated with male gender, older age and cig-
arette smoking and negatively associated with radiation

dose (Table 2). This antibody level was significantly higher
in subjects from Nagasaki than in those from Hiroshima
(Table 2). The distribution of levels of IgG and IgA anti-
body to Chlamydia pneumorniae in relation to radiation dose
is presented in Figs. 1 and 2, respectively. No significant

TABLE 2
Association of Levels of IgG and IgA Antibodies to Chiamydia prewmoniae with Radiation Dose (muliiple
regressions)”
Chlamydia prneumoniae
1gG IgA
Factors (unit) Change (%) 95% CI P Change (%) 95% Cl1 P
Dose (1,000 mGy) —14.2 —19.7, —8.3 <0.001 4.9 -89, -0.1 0.021
Age (10 years) 29.5 21.5, 38.0 <0.001 183 13.6, 23.3 <0.001
Gender (Male:; 0, Female: 1) —34.2 —41.7, —254 <(.001 —22.9 —28.6, —11.4 <0001
Smoking (20 cigarettes/day) 20.1 19,416 0.029 19.3 7.3, 32.7 0.001
City (Hiroshima: {0, Nagasaki: 1) 38 —-6.8, 15.5 0.50 8.9 1.6, 18.7 0.016

« Association was examined by linear regression analysis, adjusting for each factor. Values are indicated as percentage change of the antibody level
per unit {in parentheses) increase for each factor Representative antibody level {intercept) (95% CI) for nonirradiated and nonsmoking males at 70
years of age in Hiroshima was calculated to be 2.06 (1.83, 2.32) U for IgG and 1.52 (1.41, 1.65) U for IgA. CI, confidence interval,
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FIG. 1. Scatter diagram of IgG antibody level and radiation dose with
regression lines fitted for nonsmoking male (dotted line) and female (solid
line) at age 70 years in Hiroshima. Multiple R* value for the regression
was 0.037.

dose effect was observed for other antibody levels. The
level of IgG antibody to Helicobacter pylori decreased with
age and was not significantly associated with either ciga-
rette smoking or radiation dose (Table 3). The level of IgG
antibody to cytomegalovirus was significantly associated
with female gender, older age and cigarette smoking but
not with radiation dose (Table 3). In these analyses for as-
sociation of antibody level with radiation dose, interactions
between age, gender, smoking and radiation dose were ex-
amined, but no significant interactions were observed.

When antibody level was classified as either positive or
negative, association with radiation dose was similar. Thus
a negative association was observed between radiation dose
and positive response to Chlamydia preumoniae in both the
IgG and IgA antibody classes (data not shown). Radiation
dose was not significantly associated with positive IgG an-
tibody response to Helicobacter pylori or cytomegalovirus
{data not shown).

To investigate the biological significance of the de-
creased antibody level to Chlamydia preumoniae in radia-
tion-exposed survivors, the serum level of CRP, a sensitive

«  Males
+  Females

lgA antibody level to Chiamidia pneumoniae

2 3 4
Dose (Gy}

FIG, 2. Scatter diagram of IgA-antibody level and radiation dose with
regression lines fitted for nonsmoking male (dotted line) and female {solid
line) at age 70 years in Hiroshima. Multiple &2 value for the regression
was 0.035.

marker of inflammation, was examined. In this analysis,
samples with CRP levels greater than 1.0 mg/dl were ex-
cluded from analysis to avoid confounding by acute infec-
tious disease and systemic inflammatory disease samples.
Thus a total of 3,155 samples were analyzed. CRP level
was positively associated with radiation dose, age, male
gender, smoking and BMI (Table 4). CRP level also dif-
fered between Hiroshima and Nagasaki (Table 4}. The dis-
tribution of the CRP level in relation to radiation dose is
presented in Fig. 3.

After adjustment for the factors presented in Table 4, the
CRP level was positively and significantly associated with
the level of IgA antibody to Chlamydia pneumoniae (3.7%
increase per 1 U increase in antibody level, P = 0.006) but
only marginally with the level of IgG antibody to Chla-
mydia pneumoniae (P = 0.057) (Table 5). In these analyses,
association of CRP level with radiation dose did not change
substantially from the results presented in Table 4 [per-
centage increase in CRP level per 1,000 mGy was 7.0% (P
= 0.004) and 7.1% (P = 0.003) when IgG and IgA anti-

TABLE 3
Association of Levels of IgG Antibody to Helicobacter pylori and Cytomegalovirus with Radiation Dose
{multiple regressions)

Helicobacter pylori 1gG

Cytomegalovirus IgG

Factors {unit) Change (%) 95% CI P Change (%) 95% CI P
Dose (1,000 mGy) 8.9 -~10.2, 32.0 0.39 1.9 —-3.2,7.1 0.46
Age (10 years) —20.6 -34.7, =35 0.021 18.1 12.6, 23.8 <0.001
Gender (Male: 0, Female: 1) —~60.4 =729, —-114 <0.001 379 26.0, 50.9 <0.001
Smoking (20 cigarettes/day) 8.8 —31.7,73.2 >0.5 314 16.5, 48.2 <0.001
City (Hiroshima: 0, Nagasaki: 1) 19.1 —-12.7, 624 0.271 2.1 =59, 10.8 >0.5

“ Association was examined by linear regression analysis, adjusting for each factor. Values are percentage change of the antibody level per unit (in
parentheses) increase of each factor. Representative antibody level (intercept) (95% CI} for nonirradiated and nonsmoking males at 70 years of age in

Hiroshirma was calculated to be 58.8 (42.1, 82.1) U for Helicobacter pylori IgG and 32.8 (30.0, 35.9) U for cytomegalovirus IgG. CI, confidence
interval.
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TABLE 4
Association of CRP Level with Radiation Dose (multiple regressions)”
Factors (unit) Charnge (%) 95% CI P
Dose (1,000 mGy) 6.9 2.1,11.9 0.004
Age (10 years) 204 15.0, 26.1 <0.001
Gender (Male: 0, Female: 1) -18.8 —25.1, —11.9 <0.001
Smoking (20 cigarettes/day) 275 14.1, 42.4 <0.001
BMI (1.09 7.7 6.6, 8.8 <0.001
City (Hiroshima: 0, Nagasaki: 1) —12.4 —18.5, =57 <(.001

@ Association was examined by linear regression analysis, adjusting for each factor. Values represent the percentage
change of CRP level per unit (in parentheses) increase of each factor. Representative CRP level (intercept) (95%
CI} for nonirradiated and nossmoking males at 70 years of age in Hiroshima was calculated to be 0.072 (0.67, 0.79)

mg/dl. BMI, body mass index. Cl, confidence interval.

body levels were included in the model, respectively]. In
addition, when CRP was included in the adjustment factors
for analysis of the relationship between antibody level and
radiation dose, the results were similar 10 those presented
in Table 2. Thus a 15.3% decrease in antibody level per
gray was observed for IgG (when CRP was not included,
a 14.2% decrease was observed, as indicated in Table 2)
and a 5.1% decrease for IgA (when CRP was not included,
a 4.9% decrease, as indicated in Table 2).

The response of CRP to the Chlamydia preumoniae an-
tibody level did not interact formally with radiation dose
(significance level of the interaction between radiation dose
and antibody level: P = 0.36 for IgG and P = (.5 for IgA).
To further investigate the decreased antibody levels in ra-
diation-exposed survivors, however, the relationship be-
tween CRP level and antibody levels was examined in dif-
ferent dose categories. In this analysis, a significant asso-
ciation of CRP level with IgA antibody level was noted in
the high-dose group (=1000 mGy) but not in the 0-Gy or
1-999-mGy groups (Table 5). The percentage increase in
CRP levels per unit of antibody in the high-dose group was
approximately twice that in the nonirradiated and interme-
diate-dose groups (Table 5), although the difference be-

1.00 g4z -, -
1 « Males
Females

Serum level of CRP

Dose (Gy}

FIG. 3. Scatter diagram of CRP level and radiation dose with regres-
sion lines fitted for nonsmoking male {dotted ling) and female (solid line)
with BMI of 23.0 kg/m? at age 70 years in Hiroshima. Multiple B* value
for the regression was (.086.
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tween the groups was not statistically significant. The re-
lationship between CRP level and the level of IgG antibody
to Chlamydia pneumoniae was also significant in the high-
dose group but not in the 0-Gy or 1-999-mGy groups (Ta-
ble 5).

DISCUSSION

In this cross-sectional study of A-bomb survivors, we
observed a radiation dose-associated decrease in the level
of antibody to Chlamydia pneumoniae. The effects of gen-
der and smoking on level of antibodies to the three path-
ogens observed in the present study were similar to those
reported previously (23-25). The limitations of our study
may be as follows. Since more than half of the original
cohort had died before the start of this study, the possibility
cannot be excluded that persons with higher antibody levels
might have been preferentially lost from the group of sub-
jects with higher radiation doses. It is also possible that
some persons could not participate in the study because of

TABLE 5
Association of CRP Level with Antibody Level fo
Chlamydia pneumoniae Stratified by Radiation

Doses
CRP level
No.of  Change
subjects (%) 95% CI P
Chlamydia pneumoniae 1gG
Total samples 3,155 1.8 —0.01, 3.7 0.057
0 mGy 1,355 1.2 -1.0,3.5 0.287
1-999 mGy 1,239 15 ~0.8, 39 0.201
=1,000 mGy 561 3.5 0.5, 6.6 0.024
Chlamydia pneumoniae 1gA
Total samples 3,155 3.7 1.0, 6.5 0.006
0 mGy 1,355 29 —-13,6.1 0.075
1-999 mGy 1,239 33 ~(.1, 6.8 0.055
=1,000 mGy 561 6.5 20,112 0.005

« Association was examined by multiple regression analysis, adjusting
for city, gender, age, body mass index, and smoking. Percentage change
in CRP level is presented for one unit increase in antibody level. Ci,
confidence interval.
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illness related to high or low antibody levels. Further, some
other unknown factor(s) not adjusted for in the present anal-
ysis might have confounded the resulis.

Biologically, two possibilities exist for the lower anti-
body response to bacterial infection. One is a decrease in
infectious agents; the other is a decrease in immune re-
sponse to post-bombing bacterial infection. The former
seems less likely in A-bomb survivors due to the exacer-
bation of hygiene conditions by the complete destruction
of lifeline and medical systems after the bombings of the
two cities. Diminished immune function has been suggested
in radiation-exposed survivors. Thus lymphocyte prolifer-
ation induced by mitogens, alloantigens and bacterial su-
perantigens (13, 16), the proportion of T lymphocytes, es-
pecially CD4-positive helper T Tymphocytes (14), and the
frequency of T lymphocytes producing interleukin 2 (15)
are all diminished among radiation-exposed survivors. In
addition to these nonspecific decreases in immune function,
there may be some antigen-specific impairment among A-
bomb survivors, as suggested by repertoire analysis ex-
amining the usage of divergent variable region genes of T-
lymphocyte receptors in the blood (26). Since T lympho-
cytes are essential for antibody production of B cells, im-
pairment in T lymphocytes in the survivors may affect
antibody production.

Similarly, diminished immune response has been impli-
cated in other infections in the survivors. It has repeatedly
been shown, for example, that prevalence of hepatitis B
surface antigen is increased with radiation dose in A-bomb
survivors, whereas prevalence of its antibody is not (J7-
19). Although a smooth dose-response relationship was not
observed between the prevalence of antibody to hepatitis C
virus and radiation dose, prevalence of the antibody was
lower in survivors with a positive dose estimate than in
those with a dose estimate of 0 (27).

The mechanism behind the absence of a significant as-
sociation between antibody levels to Helicobacter pylori
and cytomegalovirus with radiation is not clear, but it may
be related to the difference in the frequency of recurrent
infection by these pathogens. The first infection among the
three pathogens occurs early in childhood, and subsequent
recurrent infection is common only for Chlamydia pneu-
moniae (28). If immune function at the time of Chlamydia
preumontae infection is 1elated to antibody level, dimin-
ished immune function due to A-bomb exposure at the time
of the recurrent infection might cause decreased antibody
response. Naturally, we cannot estimate either the timing
of infection or the cause of the antibody level (i.e., past
primary infection, re-infection or reactivation). Of interest
is that the increased prevalence of hepatitis B surface an-
tigen with radiation dose ameng A-bomb survivors is re-
stricted to those who received blood transfusions after A-
bomb radiation exposure (I9). Since persistence of hepatitis
B virus antigen is related to diminished immune response
to the virus, the radiation dose-associated increase in the
prevalence of hepatitis B antigen among the survivors who

received blood transfusions suggests impaired immune
function from exposure to A-bomb radiation.

Although interaction with radiation dose was not for-
mally significant for the association of CRP level with an-
tibody level, we found a tendency for CRP level to be as-
sociated with levels of both IgG and IgA antibodies to
Chlamydia pnewmoniae in the high-dose group. This find-
ing may suggest the presence of infection-related inflam-
mation in heavily exposed survivors. Since persistent in-
fection in macrophages is typically found after the acute
phase of Chlamydia pneumoniae infection ends, association
of CRP level with antibody level may reflect an active state
of chronic infection.

We also confirmed, with a larger number of subjects, our
previous finding of a positive association of CRP level with
radiation dose (29). This finding could prove to be impor-
tant because many studies have demonstrated that a mildly
elevated CRP level is a risk factor for cardiovascular dis-
ease {8, 30). Association of CRP level with male gender,
BMI and smoking, which was found in the present study,
was also reported previously (37). The reason for the city
difference in CRP level found in the present study is un-
clear. Systemic technical error is not likely because all sam-
ples were measured in the Hiroshima laboratory. Since the
prevalence of diabetes mellitus among A-bomb survivors
is lower in Nagasaki than in Hiroshima (32), and since
diabetes is associated with increased CRP levels (33), we
adjusted for diabetes in our analysis, but the city difference
remained significant (data not shown).

In conclusion, our study suggests that the immune re-
sponse to Chlamydia pneumoniae, a microorganism impii-
cated in cardiovascular pathogenesis, is diminished in ra-
diation-exposed A-bomb survivors. However, inflammatory
response to Chlamydia pneumoniae may be present, which
would reflect an active state of infection in the survivors.
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