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. ABSTRACT The present paper highlights the chief results of experimcntal studies recently
carried out in the author’s laboratory on the stimulatory cffects of low level radiation on imm-
unity. The intercellular relationship within the immune system after whole-body irradiation
(WBI1) with low doses of X- and gamma-rays was briefly outlined with the cmphasis on the
potentiating effect of low dose radiation (LDR) on the helper T cells which was thought to
“occupy a pivotal position in the process of immuno-stimulation, Data suggesting: the facilitation
by LDR of the signal transduction process within the T cells were presented, Some hypotheses
prevailing in the literature for the explanation of the stimulatory effect of LDR were criticai'y
evaluated. Existing experimental data both from the literature and from the author’s laboratory
were analysed giving no strong support to the speculation of either the preferential deletion of
the radiosensitive suppressor T subset or the increased apoptosis of the T cell “precursors” in
the thymus leading to secondary immunologic augmentation by low doses which 'stimulate im-
mune functions. The possible influence of systemic changes, especially those in the neuroendo-
crine regulation, on the T cell potentiation following LDR was suggested. Fin. .7 the biological
implications of the hormetic effects of LDR were discussed, '
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Introduction

It has been repeatedly demonstrated that whole-body’ irradiation (WBI) with
low doses of ionizing radiation could up-regulate the immunologic reactionst!=31,
This up-regulation of immuniiy following low dose radiation (LDR) involves a
series of cellular as well as molecular reactions. The cellular 'reactions occurring in
the immune organs after LDR are quite complicated with the activation of the T
lymphocytes occupying a pivotal position, It has been confirmed that the following
changes occurred after WBI . with doses of X- or gamma-rays within 0,1 Gy,

1) The T lymphocytes are stimulated zs exemplified by increased reactivity of
both the splenic and thymic <cells to ConA while the reactivity of the splenic
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cells to LPS showed no significant changest!>®],

2) Thymocyte renewal is potentiated, as expressed in the increase in percentage
of the CD,/CD, double negative cells which include the stem cells, prothymocytes
and immature thymocytest*!,

3) The expression of the TCR/CD 3 complex on the thymocytes is potentiated,
implicating expedited maturation and differentiation process in the thymus!®,

4) The secretion of colony-stimulating factor (CSF) by the thymocytes is in-
creased which would stimulate the macrophages to produce IL 1(%71, IL 1 exerts at
least two actions one of which is providing a maturation signal to the helper T
cells (Th) and the other is a positive feedback to the macrophage itself.

5) Increased thymocyte trenewal, maturation and differentiation are accompanied
with an enhanced proliferative process in the thymus as evidenced by the augmen-
ted spontaneous incorporation of *H-TdR into the thymocytes and increase in their
numbar!!l, Thesz changes occurring after LDR would form a positive feedback loop,
resulting in an increased supply of T cells to the periphery, including the spleen
and other peripheral lymphoid tissues,

6) The macrophages are stimulated with enhanced phagocytic and digestive ac-
tivity against foreign materials and increased cooperative cffect on the T cellst’],

7) The interaction of the macrophages by presenting the procsssed antigen de-
terminant and the MHC T molecule with the TCR/CD 3 complex of the Th result
in an increased secretion of IL 2 and interferon-gamma (IFN-gamma) by the Th
as well as enhanced expression of IL2 receptor on these cel_ls, finally leading to
clonal expansion!'s?],

8) Activation of Th with its increased IL 2 secretion promotes B cell activity
finally enhancing antibody formation, with the potentiation of the plague-forming
cell (PFC) reaction in the spleen as its expressiont's°l,

9) The natural killer (NK) cell activity and the antibody-dependent cell cyto-
toxicity (ADCC) are stimulated, indicating increased tumor-suppressive action of
the immune system %%, The increased IL 2 and IFN secretion apparently parti-
cipate in this stimulation.

The mechanism of the stimulatory effect of LDR on the immunologic parame-
ters listed above is realized through different pathways which will be analyzed in
the following sections. It should be emphasized that T cell potentiation occupies a
pitvotal position in the whole process of LDR-induced immunologic augmentation
no matter whether this potentiation is mediated through direct or indirect effects
of radiation.

1 Facilitation of signal transduction in T-lymphocytes

The molecular basis of T cell activation following LDR has not yet been fully
elucidated. It is known that perturbation of the TCR/CD 3 complex on the plasma
membrane of the T cells by antigenic, allogenic, mitogenic or monoclonal antibody
(McAb) stimulation would initiate the process of intracellular signal transduction
leading to activation and clonal expansion of the T cells!'®!®), Our studies have
shown that WBI with 75 mGy X-rays could facilitate this process, as summarized
in figure 1(81, A very important change after LDR is the acceleration of the pro-
cess of maturation and differentiation in the thymus with up-regulation of the
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expression of TCR/CD 3 molecules on the plasma membrane of the thymocytest®?®l,
This forms the basis of facilitation of the signal transduction process in the T
cells in response to ConA and anti-CD 3 McAb stimulation, This facilitation is
manifested in mobilization of intracellular Ca®?* and activation of protein kinase
C, and the coordinated activation of these two second messengers results in the up-re-
gulation of transcription of the immediate early genes c-fos and c-junf®'l, 1In a
recent study with patch clamping of the thymocytes an increased frequency of Ca®*
—dependent K* channel opening in response to ConA was observed after LDR, fur-
ther confirming the significance of up-regulated expression of TCR/CD 3 complex
in the facilitation of signal transduction. All these molecular changes lead to en-
hanced secretion of IL 2 and IFN-gamma!'s'!! and increased expression of IL2 recep-
tor on the T cells® as stated in the first section of the present paper. The ulti-

mate outcome would consequently be activation and clonal expansion of the T
cellst!l,

|
Low dose radiation |

l
v
IIncreased TCR/CD 3 expression on thymocytes;
v

' PKC activation and [Ca®*]; mobilization ‘

v
]
’Increasd c-fos, c-jun transcription
T
1‘ Enhanced IL 2 and IFN secretion and IL 2 R expression l’
v

‘T cell activation and proliferation{

Fig 1. Diagram of signai transduction in T lymphocytes after low dose radiation

The facilitation of the intracellular signal transductiou after LDR would affect
the expression of protein molecules in the lymphocytes. It has been reported that
in vitro irradiation of human peripheral blood lymphocytes or tumor cell lines
with low doses could induce the expression of a number of proteins with different
molecular weightsi'®!%], We have demonstrated that WBI of mice with 75mGy
X-rays could induce the expression of a number of proteins in the cytoplasm and
nucleus of the splenic as well as thymic lymphocytes, At the same time there was
repression of expression of a few other protein molecules,

The possible biological effect of the changes in protein expression following
LDR has been studied by testing the effect of the protein fractions separated with
gel filtration (Sephadex G-100) and ion exchange chromatography (DE 52) on the
proliferation of normal splenic lymphocytes in response to ConA. Several protein
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fractions were found to have a potentiating effect on T lymphocyte proliferationl!™],
Further analysis of the protein fractions with high performance liguid chromato-
graphy (HPLC) showed that the potentiating efféct of the protein fractions was
cither duc to the repression of expression of some protein molecules normally pre-
sent in thc extract from the lymphocytes, or due to the induction of some new
protein molecules not found in the extracts from lymphocyies of the sham-irradia-
ted mice. These experimental results implicate that LDR might repress the cxpres-
sion of some protein molecules with a suppressive effect and at the same time in-
duce some other protein molccules with a stimulatory effect. The nature of these
protcin mclecules, their mode of action and genctic control remain to be clucida-
ted,

2 Evaluation of some existing hypotheses

2.1 The speculation of preferential damage of suppressor T subset (Ts)‘ by LDR

It is known that Ts is more sensitive to ionizing radiation than Th. Thus it
has been speculated that LDR would preferentially damage the Ts resulting in a
ris> in Th/Ts ratio, which would lcad tv up-regulation of the helper effect within
the immune system and cnnsequently immunologic potentiation. However, it must
be pointed out that such a difference in radiosensitivity between the Ts and Th is
only manifested with coses above 0,25 Gy!'®l, As mentioned above, stimulation of
immunity by LDR usually occurred with doses below 0,25Gy, most markedly fo-
lowing WBI with doses within ¢,1Gy. The hypothesis of raised Th/Ts ratio as
an explanation of the stimulatory effect of LDR on immunity was proposed by
Anderson ¢t al in the late 70’s and the carly 8¢’sl'?"*!), and has since been repea-
tedly cited by others, However, no convincing experimental data were given in
their reports to support the hyrpothesis. In one of the papers the percentage of Th
and Ts was mecasured with flow cytometry using fluoresceinated McAb’s (Lyt 1*2°
for Th and Lyt 172" for Ts) to sec the changes after irradiation with ¢.15Gy which
was found to increase the anti-tumor effect of the splenic cells. The Th/Ts ratio did
not rise, and, on the contrary, dropped from the control value of 22:2(=11) to 26:
10( =2.6), with the lowering of the ratio being aprarently the result of increase in
Ts cellst®?,

We have tested the fensibility of this hypothesis cince the early 80’s using differ-
ent techniques. The inhabitants of an area of high natural radioactivity in South China
" (radiation exposure rate being 3 times as high as that in the adjacent control area)
who had increased reactivity of the T lymphocytes to PHA and higher level of unsche-
duled DNA synthesis (UDS) showed no change in percentage of the Ts subset as mea-
sured by surface rcceptors!®?], Irradiation of human blood in vitro with doses within
0.25 Gy did not cause numerical changes of Ts or the Th to Ts ratio as measured by
flow cyiometry with double immunofluorescence (Figure 2 and Table 1) [**], In
mice exposed to single or chronic LDR the Th and Ts count of the splenic and peri-
pheral blood lymphocytes remained at the same level of the control as assessed by a
cytoplasmic miarker (acid alpha naphthoacetyl esterase)(**). Flow cytometric analysis
(using anti-L 3 T 4-PE and anti-Lyt 2-FITC) of thymic and splenic T subsets in mice
exposed to WBI with 75 mGy X-rays showed no significant changes of Th to Ts ratio
within one week following irradiation (Figure 3)[*°],
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1t has bcer reported that chronic irradiation of C57 BL/6J mice with a daily dose
of 0.04 Gy gamma-rays at a dose rate of 0,051Gy/min was found to potentiate the
immune reaction when the cumulative dose reached even 0,8 Gy!*®l, When the T sub-
sets of the splenic and thymic lymphocytes wcre assayed by flow cytometry with fluo-
resccinated McAb’s (L 3T 4 for Th and Lyt 2 for Ts), there was a statistically insigni-
ficant increase in the Th to Ts ratio among the thymic lymphocytes, from 7.5/3.5
(=2.14)in the normal to 13.5:4,5(=3,00)in the irradiated,which was due to the more
marked increase in Th cells and a lesser increase in Ts cells in the irradiated mice,
while the ratio of Th to Ts among the splenic lymphocytes remained unchanged, being
43.3/29.5( =1,47) in the control and 49.5/34.0( =1.43)in the irradiated mice, There-
fore, data from different laboratories, including those from Anderson’s own, do not
give support to the hypothesis of a rise in Th to Ts ratio due to a decrease of the Ts
subset as an explanation of the immunologic stimulation following LDR.

It can be ssen from data in figures 2 and 3 and table 1 that doses within 0,25 Gy
would not decrease the number of Ts in the peripheral blood and that the Th to Ts

Tab 1, Changes of T subsets in human peripheral blood after LDRE®

Dose/mGy
0 50 75 100
Th/% 0h 37.3+0.6 39,1+1.0 38,01+1.0 36.710,6
72h 45,7+1.6 47.3%2.1 48,0+0.1 47,3+1.5
Ts/% oh 32,3%0.6 32,3+0.6 32,0+0.,1 32.3+-1.2
72h 32.7+1.2 33,3+1,5 34,3+0.6 32,0%+0.1
Th/Ts ratio 0oh 1,154+0,03 1,1940.02 1.194+0.03 1.1620.02
72h 1,4010.09 1.,42-+0,13 1,42+0,12 1,4840.05

2)Peripheral blood lymphocytes were cultured for 72h, and Th and Ts were analysed with FCM
using anti-leu 3-FITC and anti-leu 2-PE at 0 h and 72h of culture
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Fig 2. Th/Ts ratio of human peripheral blood Fig 3. Ratio of Th to Ts subsets
lymphocytes after irradiation with 25-100 after WBI of mice with 75
mGy in vitro mGy X-rays
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ratio remained unchanged after such low doses of X-rays,

It may be argued that the suppressive function of the Ts might be lowered in
spite of the maintenance of an essentially normal number.Our experiments showed,howe-
ver, that neither the Ts activity in the spleen induced by ConA nor the short 1life-
span Ts activity of both the thymic and splenic lymphocytes was depressed by WBI of
mice with 75 mGy X-rays!'l, Recently it was reported that after in vitro irradiation
of the separated CD4* and CD 8* T subsets from human peripheral blood with doses
ranging from 50 to 100 mGy both the helper function of Th and the suppressor func-
tion of Ts on the B cell response to LPS were augmented[?’], Therefore, existing expe-
rimental data are not in favor of the hypothesis based on the speculation of rise in
Th/Ts ratio due to a preferential structural damage or functional suppression of the Ts
subset.
2.2 Speculation of increased apoptosis of the thymocytes after LDR

Apoptosis, or programmed cell death (PCD), is a basic biological phenomenon with
wide-ranging implications in tissue kinetics{®*), It has been considered as a “physiologi-
cal” type of cell death occurring under circumstances in which cell death is apparently
a regulated event, such as in embryogenesis, metamorphosis, hormone-dependent atrophy
as well as normal and neoplastic cell turnoverf®®], Regulation of apoptosis in thymocy-
tes has been given special attentiont3%®*!), A major mechanism of intrathymic T lym-
phocyte self-tolerance induction is clonal deletion. Clonal deletion of immature thymic
T cells appears to be achieved by apoptosis which is an active cellular process leading
to a series of intracellular events including DNA fragmentation by endonuleases, cyto-
plasmic condensation, membrane blebbing and release of apoptotic bodies. The CD 4/
CD 8 double positive thymocytes with intermediate to high density of TCR/CD 3 ex-
pression are most sensitive to apoptosis, It has been established that

this intrathymic
subset has the highest radiosensitivity (Figure 4).

It was proposed that increased ap-
optosis by LDR of the radiosensitive

thymocytes would lead to proliferation
o of the more mature T cells, leading to
E—E ook A immunologic potentiation.Such a pheno-
§ // \\‘ menon was named“altruistic cell suicide”
%10\1 1\\\ Tab 2, Thymocyte apoptosis after WBI
E 0 \ \\\\\ of mice with low dose X-rays®
.é ot Dose/Gy Apoptosis/ % P
2
R 0 1.28+0,29
% a0l 0.05 1,13+0.31 >0.05
= 0.075 1,2540,47 >0.05
0 0,10 1,401+0,34 >0.05
Dose/Gy 0.20 1.45+0,20 >0,05
Fig 4. Dose—-effect relationship of thymic
T subsets in mice ay FCM was carried out 12h after WBI;
(®) CD4*CDg* (o) CD4CDgsg" mean+SD, n=6; Student’s t test for

(A) CD4CDg* (A)CD4*CDg- statistical evaluation
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which was thought to underlie the mechanism of immunoenhancement induced by LDRI®31,
We have tested this hypothesis by assessing the dose-cffect relationship of apo ptosis with
different techniques, including the appearance of the “ladder pattern” characteristic of DNA
fragmentation, membrane permeability and flow cytometric analysis of apoptotic bodies, It
was found that WBI of mice with X-rays caused definite DNA fragmentation in the
thymocytes with ladder pattern in agarose electrophoresis only after doses above 0.2
Gy. LDR which stimulated immune reactions showed no effect on the permeability of
thymocytes to propidium iodidel®*¥), Enumeration of apoptotic bodies of mouse thymo-
cytes by flow cytometry folloWing in vivo and in vitro irradiation gave dose-dependent
increase of thymocyte apoptusis with doses above 0.2 Gy. However, when the radiation
doses were lowered, the picture was different, Following WBI of mice with doses wi-
thin 0.2 Gy the percentage of apoptotic bodies did not depart from that of the sham-
irradiated control (Table 2). The mouse lymphoma cell line EL 4 was also irradiated
in vitro with different doses of X-rays. It was observed that X-irradiation with 2Gy
caused marked increase of apoptosis beginning from 8 h after irradiation and reaching
a very high level (276% of that in the sham-irradiated sample) at 24h. When the
dose was lowered to within 0,2 Gy, no significant increase in apoptusis was observed.
Further studies are needed to clarify the threshold dose which causes definite increase
in thymocyte apoptosis after in vivo and in vitro irradiation.

It is evident that data mentioned above do not give support to the speculation of
either the preferential deletion of the Ts subset or the facilitation of apoptosis of im-
mature thymocytes as the cellular basis of stimulation of immune functions following
WBI with low doses of X- or gamma-rays.

1t is necessary to further probe into the molecular basis of the behavior of apopto-
sis after different ranges of radiation doses.It has been reported that a number of genes,
such as bcl-2, p53., Rb,Rp-8,topoisomerase I a,b,cyclins A,B and others, re involved in
cell growth and apoptosis and the effect of high dose radiation on some of these genes
have already been studied!®#~3®1 Tt is known that expression of ced-3 and ced—4 increases
apoptosis while that of ced-9 decreases it;SGP-2 promotes apoptosiswhile bcl-2 (the ma-
mmalian homologue of cedg) prevents it; thymocyte apoptosis induced by high dose
radiation requires the expression of p53:the expression of some immediate early genes
like c-for, c~jun, emyc, PADPRP, etc. are upreguiated both during cell growth and in
apoptosis, bnt with different time courses. It is necessary to study the dose-response
relationship of these genes in the low versus high dose ranges.

3 Neuroendcrine factors in low dose radiation effects

There exists a bidirectional regulation between the neuroendocrine and immune sys-
tems under normal conditions!®~%%], The hypothalamic~pituitary-adrenocortical (HPA)
axis normally exerts a tonic suppression on the immune organs, especially the thymus.
It has been repeatedly observed in our laboratory that there occurred a down-regula-
tion of the function of the HPA axis, expressed as lowering of plasma level of ACTH
and corticosterone (CS), in mice exposed to WBI with 75 mGy X-rays(**~*'1, Glucocor-
ticoids are well known immunosuppressants widely used clinically. Such a suppressive
effect on immunity only manifests at concentrations above 10 to 100 nmol/L, We found
that CS at concentrations of 0.1 to 1 nmol/L had apparently no effect on the proli-
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ferative response of the T lymphocytes
. .. 90000} e
to ConA, while it stimulated the pro- T T
liferation of the T lymphocytes at con- 85000f //:”/ A —— e
centrations of 0.001 to 0,05 nmol/LI*%], 2 ool /f’/,f//’/ —3
It is known that epinephrine (E) in ° !
concentrations from 1 nmol/L to 1 pmol/L = 75000}
has a dose-dependent stimulatory effect on gE 100001
T lymphocyie proliferation, while it is g
ineffective on this process at 0,01 to 0.1 “ 850001
nmo/LI**1 Tt has been observed that WBI 60000l
of mice with 75 mGy X-rays potentiated
both the thymic and splenic lympho- . 55000F
cyte proliferation in response to ConA 50000 L

[\ I 2. 3 4 5 6 7

in the course of 1 week, and ineffective
Time after WBI with 75mGy X-rays/d

concentrations of CS and E (0,1 nmol/L
for ecach of them) together stimulated - Figs,
the normal response of T lymphocytes
to ConA and further up-regulatd the

Effect of modulatory factors on T
lymphocyte proliferation

(o) ConA 5pug/ml

(o) ConA 5pg/ml+PMA 5ng/ml

already potentiated mitogenic response of (A) ConA 5pg/ml+A 23187 1ug/ml
these cells after LDR (Figure 5)*%1, The (/) ConA 5 ug/ml + corticosterone
amplitude of this up-regulation of mito- and epinephrine ¢.1 nmol/L
genic response of the T lymphocytes of for each

both normal and irradiated mice is
greater than that induced by the calcium ionophore A23187 or the phorbol ester PMA,
These data may implicate that a lowered concentration of CS in the body of low dose-
irradiated mice may play its role in modulating the immune reactions of the T cells
through the signal transcvction tethway. Therefere, in the analysis of the possible
mechanistic factors of immunoenhancement following LDR the influence of changes in
the microenvironment of the immunocytes as a result of shift in systemic regulation after
LDR has to be considered in addition to the direct action of radiation on the cells,
Data in figure 5 indicate that after LDR T cell proliferation caused by ConA,
which stimulates the TCR/CD 3 complex, is more marked than normal. This is apparen-
tly relatd to the up-regulation of expression of the TCD/CD 3 molecules on the T cells
after LDR as mentioned above. Perturbation of the TCR/CD 3 complex leads to T cell
proliferation through raising [Ca®*]; and PKC activity. It is known that A 23187 acts
to mobilize Ca ions from the intracellular stores and PMA stimulates PKC. Now these
two factors further up-regulate the already augmented proliferative response of the T
cells to ConA. This may implicate that the activation of the signal transduction path-
way elicited by TCR/CD 3 perturbation has not been saturated. E and CS act, respecti-
vely, through the adrenergic recepror (AR) and glucocorticoid receptor(GR), suggesting
that, after LDR modulatory factors in the microenvironment might further increase T
cell proliferation through signal transduction pathways other than the TCR/CD3 cascade.
Therefore, in the intact organism changes in the microenvironment could influence
the functional state of the immune cells through multiple pathways., Further studies on
the interrelationship of different signal transduction pathways elicited by TCR/CD 3,
AR, GR and other receptors might promote our understanding of the molecular mecha-
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nism of systemic regulation, and thus coordinate the changes at the cellular, molecu-
lar and systemic levels,

A Biological significance of stimulation of immunity after LDR

The immunologic capability of the body is closely related to its resistance to infec-
tion and neoplasm. The effectiveness of enhanced immunologic reactivity has to be asse-
ssed with challenge experiments. It has been reported from our laboratory that pre-expo-
sure of mice to LDR (50~200 mGy X-rays) could suppress the tumor growth of sub-
cutaneously implanted Lewis lung carcinoma and markedly reduce the pulmonary disse-
mination of intravenously injected Lewis lung cancer cells and melanoma cellsi*4»*%1,
Recently it was observed that pre-exposure of C57 BL/6 mice with 75 mGy X-rays 6-
24 h before the split-dose irradiations prevented the. occurrence of tflymic~ lymphoma in
all the mice. The split~dose regimen was a WBI with 1,75 Gy X-rays once a week for
4 continuous weeks which caused the appearance of thymic lymphoma in 71,4% of the
irradiated mice within the observation period of 6 months. When each split—-dose of
1.75 Gy was preceded by a single WBI with 75 mGy X-rays within 6~24 h, none of
the mice showed thymic lymphoma within the same period, The mechanism of this
prevention of radiation oncogenesis by preexposure to LDR remains to be clarified,
With the present knowledge two possibilities should be considered. The first is the
reduction of mutagenic effect of high dose radiation in lymphoid cells by preexpoxure
to LDR. It was reported that split-dose irradiation of mice caused novel rearrangement
of the TCR genes in the prelymphomatous state around 1 month after irradiationf4®],.
LDR-induced adaptation includes reduction of chromosomal damage and mutagenic effect
caused by high dose radiation!*’!.It would be interesting to examine whether preexposurc
with a low dose would influence the novel rearrangements in the TCR genes caused
by the split-dose irradiation. Another possibility to be considered is the effect of the
augmented anticancer immune reactions after LDR. The enhanced immunologic cap-
ability after LDR may be effective in eradication of the transformed clones of the lym-
phoid system before the formation of solid tumors. These possibilities have to be
probed into by designing special experiments. :
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