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SUMMARY

The responsiveness of peripheral blood lympho-
cytes to allogenic antigens in mixed lymphocyte
culture (MLC) was measured in 139 atomic bomb
survivors. The study revealed a significant decrease
in MLC with increasing dose of previous radiation
exposure.  This decline was remarkable in the
survivors who were older than 15 at the time of
the bomb (ATB).

The results suggest a possible relationship between
the recovery of T-cell-related function and the
thymic function which processes mature T-cells for
the immune system. Thus it may be that, in the
advanced age ATB group, the thymus function has
started to involute allowing less recovery of T-cell
function compared lo young survivors who have
adequate processing T-cell activity.

INTRODUCTION

It is well known that ionizing radiation can cause
delayed carcinogenic effects, but much remains to
be elucidated regarding its mechanism. Among
A-bomb survivors in Hiroshima and Nagasaki, the
incidence of leukemia increased proportionally to
the radiation exposure dose, and even at present, 40
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years after the A-bomb explosions, the risk of death
due to various solid tumors has been shown to be
increasing.! Many mechanisms may be operative
in causing the elevated cancer incidence among
A-bomb survivors. For example, there is a possibil-
ity that somatic cells, mutated by A-bomb radiation,
might give rise to cancer following a latent period.
Recently, much attention has been focused on the
role of activation or mutation of oncogenes in
carcinogenesis.?

On the other hand, the immune systemn functions
to maintain in vivo homeostasis by reacting with
and eliminating not only foreign antigens invading
the body but also variant substances and cells
occurring in the body. Dysfunction of this system,
therefore, will yield increases in infectious diseases,
autoimmune diseases, allergies, and cancers.

In a previous study reactivity of lymphocytes to
phytohemagglutinin (PHA), a nonspecific lympho-
cyte mitogen, was measured as a general index of
immune response. In that study, the response of
A-bomb survivors exposed to more than 200rad
decreased with age more rapidly than the response
of the controls (those exposed to less than 1rad).?

The MLC technique has also been used as an
important tool for measuring the level of cellu-
lar immunity in vitro.=® Diseases or conditions,
in which a decreased response in the MLC has
been observed, include primary immunodeficiencies
such as severe combined immunodeficiency, ataxia
telangiectasia, and secondary immunodeficiencies
observed in irradiated patients or patients with
malignant tumors.”® The MLC test has also been
employed for examination of cellular immunity
against autologous tumors.®

This report describes the results of MLC tests
conducted as part of a series of studies on A-bomb
survivors, to reconfirm and determine whether the
previous radiation exposure had altered the immune
response, and whether variation in age ATB in-
fluenced the usual age-related decline in immune
function.

MATERIALS AND METHODS

Survivors. The examinees of the present study
were Adult Health Study (AHS) participants who
visited RERF to undergo periodic health examina-
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tion on Fridays between December 1984 and July
1985. At least one or more survivors who were
exposed to less than 1rad (control group) and more
than 1rad (exposed group) were randomly selected
on every examination day. Of the 153 individuals
selected, 139 survivors (53 in the contorl group and
86 in the exposed group) were analyzed using the
MLC test. Table 1 shows the T65D dosimetry!®
and age composition of these participants.
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TABLE 1 DISTRIBUTION OF INDIVIDUALS BY AGE AND RADIATION DOSE IN THE
TEST OF MIXED LYMPHOCYTE CULTURE RESPONSE
#1 )Y SREAHBREIGHEICE T AHBETT: FRb R U BRI R

Age at Test (mean)

T65 Dose <55 55-<70 70+ Total
(mean) (48.64+52) (610445 (77.3+5.4)
e 14 28 11 53
(0)
Il 7 9 3 19
(5.0+ 2.6)
Miwid 11 11 11 33
(3044 17.1)
75-<150 s . s -
(106.7420.1)
150 7 4 6 17
(302.9 % 146.7)
Total 2 61 36 139

Methods. Determination of mixed lymphocyte re-
sponsiveness (Figure 1) was performed according to
a previously reported method®1! that is described
below:

Preparation of responder lymphocytes. Periph-
eral blood of AHS participants was defibrinated
by glass beads and diluted with an equal volume
of phosphate-buffered saline (PBS) and centrifuged
over a Ficoll-Hypaque (F-H) gradient (specific grav-
ity: 1.077 & 0.001).%12 The mononuclear cells of
the interface were collected and washed three times
in Earle’s balanced salt solution (EBSS). The cells
were suspended in culture medium (CM: RPMI-
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FIGURE 1 METHODS USED FOR STUDY OF MIXED LYMPHOCYTE CULTURE RESPONSE
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1640 + 10% heat-inactivated (HI) human AB type
fresh serum (HS) + 100 u/ml streptomycin + 100
units/ml penicillin + 2mM L-glutamine + 4 mM
HEPES + 0.05% NaHCOg3) and used for the assays.

Preparation of stimulator cells. F-H-purified
peripheral blood lymphocyte from four normal
volunteers were aliquoted and cryopreserved!® to
provide a standard source of stimulator cells for the
one-way MLC assay. These cells were irradiated
with 2,250rad of gamma rays (°°Co) at 4°C and
pooled before use in the assay.

Mixed lymphocyte culture. MLC assays were
performed by mixing 125 x 10° responder lympho-
cytes and 125 x 10° pooled, irradiated stimulator
lymphocytes in triplicate on microtest plates with
flat-bottomed wells at a final volume of 0.2ml of
CM. Cultures were incubated at 37°C in a 5%
COg-air incubator for six days. For the background
reactions of the MLC assay, responder lympho-
cytes were incubated alone or with autologous
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irradiated (2,250rad) lymphocytes. Eighteen hours
before termination of the culture, 0.5 uCi of [*H]-
thymidine ([*H]-TdR) was added to each well.
Cultured cells were aspirated on to a glass fiber
filter and the [?H]-TdR incorporated by responder
lymphocytes was measured by a liquid scintillation
counter as an index of DNA synthesis. The mean
of counts per minute (cpm) were determined for
the three wells, and the net cpm for the assay was
taken as a measure of MLC responsiveness of the
individuals studied.

Method of analysis. The focus of this study was
to determine any effect which radiation exposure or
aging might have had upon the MLC response. The
net cpm (cpm adjusted for background) served as
the measure of an individual’s MLC response, and
the statistical analyses were done on the logarithm
of this response. As is common in such studies, the
general levels of these MLC-response values vary
substantially between the days on which analyses
are made, due to variation in conditions of storage,
preparation, culturing, and so forth. This variation
is removed from the comparisons in regard to dose
and age by using regression models of the general
form, log(MLC response) = day effect + dose and
age effects + error. Different versions of the model
for dose and age effects are required for focusing on
various specific inferences, and these are given in
detail in the figure captions. This type of analysis
is similar in principle to analyzing the dose and
age effects in terms of adjusted MLC responses,
these being the ratios of individual MLC responses
to the mean MLC response for the day. The
main advantage of the regression approach is that it
accounts for the lack of "balance" between days of
the doses and ages of the persons available.

This logarithmic type of analysis also amounts to
examining relative changes in MLC response in
regard to dose and age. By using antilogarithms
of estimated effects, resulls are presented in terms
of relative changes in MLC response associated
with dose and age. This involves some arbitrary,
but unimportant, choice of a reference group; for
example in Table 2 the MLC values are given
relative to those of the unexposed and less than
55 years of age-group. The reference groups for
the figures are given in the captions. The ratios of
MLC responses to some reference group displayed
in the results are referred to as "relative MLC
responses”.
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RESULTS

The distribution of the 139 study participants in
terms of age and A-bomb radiation exposure groups
is given in Table 1. These groupings are employed
in Figures 2 through 5 to illustrate the major
findings. The primary statistical analysis of these
data employed the age at time of examination (ATE)
and T65D dosimetry!® in an attempt to explain
some of the variation in the logarithm of MLC
responses.

MLC Response by Exposure Dose

The overall relationship between MLC responsive-
ness and the exposure dose (Figure 2) indicates a
significant (p<0.02) decrease in the logarithm of
MLC response by 10% per 100rad increase of
exposure.

MLC Response by Age ATE

Figure 3 shows the logarithm of the MLC response
as a function of mean age (ATE and ATB). From
this figure, it can be seen that the MLC responses
decreased about 2.5% per 10 years of age ATE.
This rate of decrease is not statistically significant.

The statistical analysis indicated a notewhorthy,
although not significant, difference in the age
response within the dose groups. This is illustrated
in Figure 4 in which the trend of the logarithm of the
MLC response is plotted against age in the control
group and the exposed group (more than 75rad).

An alternative way of expressing the age-dose
interaction is to consider the behavior of the dose
response within age-groups. It has been reported
that human thymus weight reaches its peak at
around 15 years of age. It then gradually involutes,
concomitant with atrophy and replacement with
fat tissues,}41% and the serum level and activities
of thymic hormones, such as "facteur thymique
serique" (FTS) decrease with age.!® Therefore, it is
of interest to compare the dose response of the MLC
response for individuals of less than 15 age ATB
(<55 age ATE) with individuals greater than 15 age
ATB. The means and 95% confidence limits of the
logarithm of the relative MLC response are given
in Table 2 and plotted in Figure 5. When examined
separately there was no significant decrease in MLC
response with dose in the <15 age ATB group
(p=0.350) but a significant decrease (p=0.012) is
observed in the >15 age ATB group.
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FIGURE 2 EFFECT OF RADIATION DOSE ON MIXED LYMPHOCYTE CULTURE
RESPONSE ESTIMATES AND 95% CONFIDENCE INTERVALS
B2 ) v /BRI A B8 RS BT O ARk D S R U795 % 13 BT I

20
b
2 Lbi
c
a
w
=4}
[0 e
Q
3 1.0 L
=
. :
=
2 075
©
o s

0.50

5 304 106.7 302.9
Ll 1 1 1 1 11
010 75 150 300
T65 Dose (rad)
The least squares estimates and 95% confidence intervals of the contrasts, "dose group(j) — dose

group(1)", were calculated for the model;
HOFE TN T [ERETE () — SR EE (1) ) o 2258 0 K/l 1 el o il B OF95 % 13 ML & B L 225

log(net MLLC rcsponse)ij = overall mean + day(i) + dose group(j) .

The dose groups were as given in Table 1, ie., dose group(l) = Orad, dose group(2) = 1-10rad,
ctc. These contrasts were converted to "relative MLC response” by taking the antilog. Thus relative
MLC response in this figure is an estimate of the percent change in MLC response relative to the
control dose, T65 dose = 0. The slope is the least squares estimate for the dose term, b, in
the model;

BB SR EE D=0 rad, &ALTER2)I=1 —10rad %, K1 OEEEEN. INLORREBIHE & T
CHIxt i MLC Ry 2 4 L 2. L 22 A - C AR O A MLC BUBME L, AL T6S Slit=0 1o
HEAMLCRIGOE R REMROMEMTH 5. WRIZKROETLOHBUEO Kb O &/ [ FHMEEMT
;‘: ) H

log(net MLLC rcspcmsc)éj = overall mean + day(i) + a*age(j) + b*dosc(j) .

Here j indexes the j-th AHS participant on day(i).
CoHE, i RO HFOORARBEMIERRE & EkT 5.
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FIGURE 3 AGE EFFECTS ON MIXED LYMPHOCYTE CULTURE RESPONSE
ESTIMATES AND 95% CONFIDENCE INTERVALS
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The least squares estimates and 95% confidence intervals of the contrasts, "age-group(j) — age-group(1)",
were calculated for the model;

KOETNAZOT VEREE () —F R B (1) 0 £ O e/l B JEHEE I R 0R95 % (B & B L 2
log(net MLC response);; = overall mean + day(i) + age-group(j) .

The age-groups were as given in Table 1. These contrasts were converted to "relative MLC response”
by taking the antilog. Thus relative MLC response in this figure is an estimate of the percent change
in MLC response relative to the <15 ATB age-group. The slope is the least sqares estimate for the age
term, a, in the model;

FMPWLELOERE L BN THS. ThoDBRIIIHME & > T A MLC BB 12E#RL 2. L~
At A O A A ) MLC IS 0 13 B B SR MR 1SR LA F 0 B 1240+ 3 MLC RIS o) F 47 3 AL 0 HE W i T
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log(net MLC rcsponsc)ij = overall mean + day(i) + a * age(j) + b * dose(j) .

Here j indexes the j-th AHS participant on day(i).
COBE IR IHe ] HFEHORARBENERRSE & BT 5.
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FIGURE 4 EFFECT OF AGE ON MIXED LYMPHOCYTE CULTURE RESPONSE BY
RADIATION DOSE ESTIMATES AND 95% CONFIDENCE INTERVALS
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The least squares estimates and 95% confidence intervals of the contrasts, "age * dose group(j) —
age * dose group(reference)”, were calculated for the model;
RO EF ATV T TR () — Rl IR (25 5 02ROt 15 HEE B 095 % 15 X I
AL 7

log(net MLC rcsponse)ij = overall mean + day(i) + age * dose group(j).

The age-groups were as given in Table 1. Only two dose groups were used, T65 dose = 0 and T65
dose >>75". These contrasts were converted to "relative MLC response” by taking the antilog with the
reference group being the "<15 ATB and T65 dose 275" group. Thus relative MLC response in this
figure is an estimate of the percent change in MLC response relative to the reference group. The slope
is the least squares estimate for the age term, a(dose group), in the model;
EMHEIELONEESENTHS, T =0 RUTHE Hit=7Sradd o0 L MM L 2.
BEMS TR ERISE LI F T TS MmhtA Brad LU L oBEE LT, MHAdE-T, ThsnERE
PRS0 MLC BUS M 12 EfR L 2. L2 - T, REOHEM MLC SHIE 2 E# 24+ 5 MLC JE
DEHARENOHEEMTH S, WRIZROEFVOEMOMHa (HRH) O AFRHEEHNTH 5,

log(net MLC rcsponse)ij = overall mean + day(i) + a(dose group) * age(j).

Here j indexes the j-th AIIS participant on day().
ZOBE, TEiRO] FEOMAMBERESRE L EwRT 5.



RERF TR 19-87

TABLE 2 EFFECT OF RADIATION DOSE ON MIXED LYMPHOCYTE CULTURE
RESPONSE (R. MLC) BY AGE

F2 ) v oSHRIREEEERS I RIET Mg itz R (R, MLC) ; b8
Ao T65D Group (rad)
Group (years) 0 1-<10 10-<75 75-<150 150+
15 Dose Ave. 0 59 36.4 105 323
Ni= 14 7 11 3 q
*R.MLC 1.004+0.14 0844020 0.75%£0.15 1274031 0.66+0.20
15+ Dose Ave. 0 4.5 27.4 107.1 289
N = 39 12 22 14 10
*R. MLC 0.89+008 0924+0.15 0984+0.11 073+£0.13 0.581+£0.16

*Least squares means after adjusting for day effects.

H 2l S B8 1 O el 18 e H i

DISCUSSION

Present results show that there is a dose-related
decrease of MLC response in individuals who were
exposed to radiation when they were more than
15 years of age ATB. There is no evidence to
support a dose-related decline in individuals who
were exposed at a younger age. The statistical
strength of this conclusion depends upon a few
individuals with a decreased MLC response. This
can be seen in Figure 5 where 10 individuals, having
high radiation exposure and being over 55 of age
ATE are largely responsible for this conclusion.
A previous study conducted 10 years ago using
a different cohort, revealed a significant decrease
of T-cell responsiveness to PHA as a function of
age.® The similarity to the present study was that
the heavily exposed group (200+rad) showed an
accelerated decline of the responsiveness with age.
However, the heavily exposed people at the younger
ages did not show any differences compared to
the controls. In addition, among T-cell subsets
identified by our recent study, the number of Leu
1t (CD5t) cells from individuals in the exposed
group (100+rad at 30+ years of age ATB) was
significantly lower than that in the Orad group of
the same age. No differences have been detected
among the individuals who were less than 15 years
of age ATB.17

The decrease in number and function of T-cells
in the advanced age-group suggests an association
between thymic function and the recovery of im-
mune cells from radiation damage. In humans, it is

10

=

ASRIOIFFRER> 6, HBFLEL ETH LMK
HiIIHA L 2 MLC RGO L ERT Z &
hid, BELDLFETHBRLAMRE VT
&, HMAbio B9 L ¢ MLC KIG &Y 34 3 2 3EH#LIE
ot ZOROHAMG TR, MLC Ko
BETFHAAESNZBAOMBEIZHEGFL TV A, M5
KR T E B, asmibc L, MAEsSEL ET
HoR0ADHBELN ZOERE G-I oRET
HAH. WA D ah— b & HTIT - 22 104 81 O F 58
Tk, THIMa PHA (283 5 5474 5 o B #%
ELTHEBILHLPT A eARaN. 3 SO
& ORALE G, F R AL R B (200 + rad ) T I INMG
EEH12 PHA St 2 RIS AHI IS T LA Z &
Thol., UL, HEMCIHMA IR L2 AL
i, dtEEE L TR L o HID, fE
OMRTHEE shATHMYF 7Ly MIEHEVTIE,
PEMERE (BB NE30RE L) TRk BB 5 it AT 100+ rad ) @
HHE D Leu 17(CD5 ™) Ml fa B3 FIE M @ 0rad B
DHREOHIE L D & HRCA G o o, BERTEERS
PIEUTOMNBETCEEREIRD s NEh 0T

R E O TN OB B U T, MR
B HE & S AN e o B gt AR SR A 5 o Il £ o RIS
Bl A b AL aRMBLTWVS. B MIHWT, MR
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FIGURE 5 DOSE RESPONSE OF MIXED LYMPHOCYTE CULTURE RESPONSE BY AGE (ATB)
ESTIMATES OF RELATIVE MLC RESPONSE AND 95% CONFIDENCE INTERVALS
BA5 U /R ERE A S A DG 0 HETE G B (BOHRIE AR ) B MLC K 0
5k BTG B U 95 % 1 ALK [
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Test of regression coefficient: <15 ATB P=0.350
>15 ATB P=0.012

The least squares estimates and 95% confidence intervals of the contrasts, "age * dose group(j) —
age * dose group(reference)”, were calculated for the model;
FOE TN C TIEMG AR () — R R RS (2 ) 0 O RO di ) 1 SR GE (B UF95 % {4 BN
BRHBL

log(net MLC responsc)]-j = overall mean + day(i) + age * dose group(j).

The dose groups were as given in Table 1. Only two age-groups were used, <15 ATB and >15 ATB.
These contrasts were converted to "relative MLC response” by taking the antilog with the reference
group being the "<15 ATB and T65 dose = 0" group. Thus relative MLC response in this figure is an
estimate of the percent change in MLC response relative to the reference group. The slope is the least
squares estimate for the dose term, b{age-group), in the model;

HRBRRIOCEE BV TH S, HMIFEBISHEL FTATLEL LOZ>OFBHOAERAL 2. 24
WA TREBARREMISAELL R, TES Mit=0 8 e LT, MHE & T, Ih6 0NN & TRy MLC KO
iy 2B L 2 LAdoT, AN MLC BB i 1E 2 & 8 26+ 5 MLC Kb O A RO E
fichsd. DEREXOEFVOHROED (EHE) O M RIEENTS D,

log(net MLC response).; = overall mean + day(i) + b(age-group) * dose(j)
p ij £

Here j indexes the j-th AHS participant on day(i).
ZoHd, ki Bo ) HHORARENSERESE L ERT 5.
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known that the thymic T-cell-inducing function is
resistant to radiation exposure, and that its weight
and possibly its function declines around 15 years of
age.!*1% Therefore, the present results suggest that;
1) following exposure to relatively high doses of
A-bomb radiation, mature lymphocytes are dam-
aged and are decreased in its number, 2) prolif-
eration and differentiation of precursor cells occurs
to replenish mature lymphocytes. In individuals
who were young ATB, the process of differentiation
and maturation of T-cells in the thymus appears to
be almost normal despite radiation exposure, while,
the same process appears to have been impaired
in the survivors of advanced age owing, perhaps,
to involution of the thymus, and 3) aging of the
immune system in which T-cells are involved is
accelerated in the older survivors. Hirokawa and
Sado'® reported that, in mice given homologous
bone marrow transplantation after whole-body ir-
radiation (1,000rad), the reactivity of T-cells from
adult mice to PHA was lower compared to that of
nontreated mice of the same age. In contrast, this
difference was hardly observable at all in newborn
mice which received transplantation. Further, a de-
cline of T-cell function was not observed after local
in vivo irradiation of the mouse thymus following
bone marrow transplantation.  This observation
indicates that the T-cell-inducing activity of thymic
epithelial cells is highly radioresistant.  These
results support our view that, in older survivors of
A-bomb radiation, the phenomenon of accelerated
aging of T-cell-related immune function is mainly
attributable to age-related thymic hypofunction at
the time of the radiation exposure.

It has been difficult to identify the type of lympho-
cytes responsible for alterations in immune func-
tion, bcause the immune system functions through
interactions of various types of immunocompetent
cells. In recent years, however, the development
of the limiting dilution assay!®~22 and a series
of monoclonal antibodies specific to cell surface
antigens of lymphocyte subpopulations, has made it
possible to examine in more detail the immunology
alteration of these immunocompetent cells among
A-bomb survivors. Although there are still many
unsolved problems regarding the relationship be-
tween a decrease in a specific immunologic function
and various diseases such as cancer, clinical follow-
up, as well as additional new immunologic exam-
inations, may provide valuable information in the
future to link the defect of specific immune function
and the onset of certain diseases.
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