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Small doses (5-25 rads) of radiation augment the in vitro response of murine spleen cells
to sheep red blood cells (SRBCs). Such augmentation appears to result from radiation-in-
duced disruption of a homeostatic component of the response that exerts maximum effect
soon after the introduction of antigen. Evidence is presented to support the concept that
augmentation is due to injury of an exquisitely radiosensitive subpopulation of T cells
with suppressor activity. (Am J Pathol 97:456-472, 1979)

THE IMMUNOSUPPRESSIVE EFFECTS of irradiation have been
known for some time and have been studied extensively.3 More recently,
radiation-induced augmentation of the immune response has been de-
scribed.48 This phenomenon has been primarily investigated in vivo,
where the timing between the introduction of antigen and irradiation ap-
pears to be of particular importance. The specific details of these and
other variables involved in augmented responses associated with whole-
body or local irradiation are reviewed elsewhere.8 The primary purpose of
the present study is to investigate the cellular basis of this phenomenon by
the use of in vitro responses to select antigens. Specific attention will be
devoted to the effects of low doses of radiation because of preliminary evi-
dence that such exposures result in significantly augmented responses both
in vivo5 and in vitro.9

Materials and Methods

Highly inbred, specific pathogen-free (SPF) mice of the following strains were obtained
from the Institut fuir Biologisch Medizinische Forschung AG, Fullinsdorf, Switzerland:
C57BL/6, DBA/2, and C3H. Congenitally athymic (nu/nu) female C57BL/6 mice of the
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seventh backeross were obtained from Bomholtgaard, Ltd., Ry, Denmark. Donors were
sacrificed by cervical dislocation and single-cell suspensions of spleen prepared aseptically
by gentle teasing through stainless steel sieves into cold RPMI-1640 medium with added L-
glutamine (2 ng per ml). When indicated, T cells were removed by incubation with AKR
anti-e serum plus guinea pig complement as described elsewhere.'0 Similarly, B cells were
removed by passage through nylon columns according to the method of Julius et al." Irra-
diation of cells was accomplished with a Phillips RT 305 x-ray machine operated under
previously described conditions.9 Cell viability was determined by trypan blue exclusion
or fluorodiacetate (FDA) incorporation.

Cultures of spleen cells were carried out with the use of 1-ml cultures of the Mishell-
Dutton type'2"13 or the 10-,ul system of Lefkovits.'4"5 The 1-ml cultures contained 1 X 107
spleen cells, were set up in quadruplicate, and were incubated in standard fashion using a
rocker platform. Unless otherwise indicated, these cultures were terminated on both Days
4 and 5, and the number of plaque-forming cells (PFCs) per culture was determined by the
Jerne technique as modified by Cunningham.'" Background PFCs never exceeded 400 per
culture. The 10-i,u cultures contained 2 x 105 spleen cells and were incubated in plastic
trays as described elsewhere.'5 Duplicate trays, each containing 60 wells, were assayed on
Day 6. As antigens, sheep red blood cells (SRBCs), horse red blood cells (HRBCs), and tri-
nitrophenyl-Ficoll (TNP-Ficoll) were employed. SRBCs and HRBCs were obtained from a
single donor and utilized within 3 weeks of receipt. Immunization of cultures with TNP-
Ficoll was accomplished according to the method of Mosier et al."'

In evaluating the results presented herein, it is important that one pay particular atten-
tion to the relationship between variance and mean. In a group of randomly distributed
events, the mean is equal to the variance, and thus the square root of the mean equals the
standard error (SE). On this basis, for example, in counting 10,000 events the SE equals ±
1% (square root of 10,000). However, if only 1000 events are recorded, the SE equals ±
3%, and with 36 items the SE is ± 20%. For this reason, many of the experiments were
repeated on many (up to 10) occasions in order to ensure that we were dealing with highly
significant events.

Results

Text-figure 1, adapted from earlier work,9 summarizes the effect of
varying doses of radiation upon the in vitro PFC response of C57BL/6

TEXT-FIGURE 1-Effect of irradia-
tion upon anti-SRBC response
(adapted from Anderson and Lefko-
vits 9). C57BL/6 spleen cells from 200 35
female donors were exposed to in- 180
dicated doses of radiation in vitro 160 30
and incubated in 1-ml cultures with _ 25 o
SRBCs as antigen. The number of 20 20
anti-SRBC PFCs was determined - '
on Day 4. The results are expressed 80 _15
as a percentage of the control (O , 60 _410) 110) (9) 10
rad) response. The numbers in pa- 2 40 (4)
rentheses indicate the number of 20 _ (X (i (5
experiments included in the calcu- 0 o 50 10 0 200 250 3C0 350 400
lation of the indicated value. The Rii dos (r)
actual data from a single experi-
ment (dotted line) are included for
comparative purposes.
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TEXT-FIGURE 2-Influence of source of spleen
cells upon radiation-induced augmentation of in
vitro immune response (adapted from Anderson et
al 8). Spleen cells from indicated sources were ex-
posed to various doses of radiation in vitro and in-
cubated in 1-mI cultures with SRBCs as antigen.
The results are expressed as a percentage of the
control response (dotted line).
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TEXT-FIGURE 3-Influence of age and sex of spleen cell donor upon radia-
tion-induced augmentation. Spleen cells from indicated sources were ex-
posed to various doses of radiation in vitro and incubated in 1-ml cultures
with SRBCs as antigen. The results are expressed as a percentage of the
control response (dotted line) for both Days 4 and 5 of culture.
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TEXT-FiGURE 4-Influence of age of spleen
cell donor upon radiation-induced augmenta- ,, /
tion. Spleen cells from C57BL/6 female do- el
nors of indicated ages were exposed to various °
doses of radiation in vitro and placed in 1-mlI
cultures with SRBCs as antigen. The results *
are expressed as a percentage of the Day 5 5 -

PFC response (dotted line).

0
25 50 100 200
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spleen cells to SRBCs in 1-ml cultures. The data were derived from 10
separate individual experiments. Each of the 10 showed varying degrees
of augmentation, which tended to be most pronounced with 25 rads. The
results are expressed as a percentage of the control (0 rad) response in or-
der to facilitate the combining of the data. The actual numbers of PFCs/
culture from a single experiment are also included in the figure for com-
parative purposes.

Text-figure 2 demonstrates the influence of donor strain upon low dose
augmentation of the immune response. All three strains show augmenta-
tion, although considerable variability among the strains evaluated is evi-
dent. Despite the observation that the magnitude of augmentation was
less pronounced for C57BL/6 female mice than for the other two strains
tested, the former was selected for subsequent experiments because of 1)
greater availability and 2) more consistent in vitro anti-SRBC responses by
nonirradiated cells.

Text-figure 3 shows the influence of the age and sex of the spleen cell
donor upon low dose augmentation of the in vitro PFC response to
SRBCs. In this experiment, as well as in several comparable experiments,
the most consistent radiation-induced augmentation is seen with cells de-

40 40

TEXT-FIGuRE 5-Relationship between cell 30 30 '
viability and radiation-induced augmentation. °/
Spleen cell suspensions were irradiated in 20 20 ~
vitro and placed in cultures with SRBCs as an-
tigen. Results represent average of two experi- ' _7
ments harvested on Day 4. Similar results (not 10 0O_X
shown) were obtained with analyses on Day 5. L

0 0
0 10 20 25 50 75 100 200 400

Radiation dose (r)
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201 TEXT-FIGURE 6-Influence of small increments
5k5- _ of irradiation upon in vitro response to SRBCs.
T -ll - ----I Spleen cells were irradiated in vitro and placed

OLI0 l in 1-ml cultures with SRBCs as antigen. Data
L5 E

represent PFCs on Day 4. Similar results ob-

tIJIlIJ 1111 .tained on Day 5 (data not shown).
0 2 4 6 8 10 12 14 16 18 2022 24 26 50 100

Radiation dose (rods)

rived from female donors of about 8 weeks of age. Text-figure 4 shows also
the influence of the age of the donor upon the in vitro anti-SRBC response
of spleen cells from female mice. Cells derived from 10-week donors show
an augmented response after exposure to either 25 or 50 rads, while cells
from 5-week or 12-month donors show augmentation with only 1 radia-
tion dose. Based upon the above results, and unless otherwise specified, all
subsequent data will be derived from experiments utilizing 8-12-week-old
C57BL/6 female donors.

In Text-figure 5, the relationship between cell viability and low dose
augmentation is summarized. At the termination of the cultures 1) fewer
viable cells remain in the irradiated cultures than in the controls and 2)
despite the presence of reduced numbers of cells, cultures exposed to 10
to 25 rads exhibit an augmented response to SRBCs.

Text-figure 6 shows the influence of very small increments of radiation
upon the PFC response of spleen cells to SRBCs in 1-ml cultures. In this
experiment, maximum augmentation is noted after exposure to 18 rads.

Text-figure 7 demonstrates the influence of timing upon low dose aug-
mentation. One-milliliter cultures were irradiated at various times after
the addition of antigen and then harvested at 96 hours for the determina-

Radiation dose
300 * 25r

e] 50r

250 CI loon
0 200r

5 13~~~~400r
200 TEXT-FIGURE 7-Relationships between tim-

U. 1ing of exposure and radiation-induced aug-
° 150 mentation. Spleen cells were placed in 1-ml

cultures with SRBCs as antigen and irradiated
0 at indicated time intervals. Results are ex-

100 pressed as a percentage of the control PFC re-
Iiiii| 4 ,sponse (dotted line).

Time of irrodiotion (hrs)
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TEXT-FIGURE 8-Relationship between timing
of exposure and radiation-induced augmenta-
tion. Protocol similar to that shown with re-
spect to Text-figure 7.

Time of irrodiation (hisi

tion of anti-SRBC activity. Irradiation at 0 and 24 hours results in the
most pronounced augmentation. Text-figure 8 shows the results of a simi-
lar experiment designed to pay particular attention to the initial 24 hours
of culture. Here the most striking augmentation is associated with irradia-
tion during the initial 4 hours of culture. Comparable results were ob-
tained with 10-,ll cultures (data not shown).
The experiment summarized in Text-figure 9 was designed to determine

whether low dose augmentation is a property of primed as well as un-
primed cells. Irradiated spleen cells from mice primed in vivo 40 days
previously with SRBCs were compared with cells obtained from contem-
poraries given injections of saline. As shown in Text-figure 9, low dose
augmentation of the in vitro anti-SRBC PFC response is a property of
primed as well as unprimed spleen cells.

Next the effect of in vitro priming upon low dose augmentation was in-
vestigated. HRBCs were selected as the priming antigen 1) because the
response it elicited could be determined independently of the anti-SRBC
response and 2) because of known cross-reactivity with SRBCs. A prelimi-

200 r

80 H

TEXT-FIGURE 9-Influence of irradiation
upon primed versus unprimed cells
(adapted from Anderson and Lefkovits 9).
Mice were injected with SRBCs or saline
40 days prior to sacrifice. Spleen cell sus-
pensions were exposed to indicated doses
of radiation in vitro and placed in 1-ml
cultures. Results expressed as a percentage
of the control response.
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16C ~~~~DAY4 iEpknWc 1f*n
140 + 0hro

12C,~fi f '\\ -- 4 + 7 h

f --\;------- --TEXT-FIGURE 10-Effect of in vitro
priming upon radiation-induced

,A_ ->>augmentation. Spleen cell suspen-
tv ~_=-_-_-- sions were primed with HRBCs at

.time 0 and with SRBCs 7 hours
DAY 5 later. The cultures were irradiated

either at time 0 or after 7 hours of
culture. The results are expressed
as a percentage of the control re-

--,_ ~~~~--_ _ sponse (dotted line).

25 50 100 200 400
Rodiotion dose(r)

nary experiment was carried out to determine the influence of timing be-
tween the addition of HRBCs and SRBCs and the maximum numbers of
HRBCs which could be added without significant interference with the
anti-SRBC response. These results are shown in Table 1. From the data in
the table, it appears 1) that of the variables evaluated, 7 hours represents
the maximum time between the addition of antigens which is associated
with a reasonable PFC response to SRBCs and 2) that as much as 50 X/ml
of a 1% suspension of HRBCs does not block the anti-SRBC response.

Table 2 and Text-figure 10 show the effect in in vitro priming with
HRBCs upon low dose augmentation of the anti-SRBC response when the
latter is added 7 hours after the HRBCs. When the cultures are irradiated
at time 0, low dose augmentation is evident with cultures harvested on
Day 4, although the character of the dose-response curve is altered, espe-
cially at very low doses of irradiation. Postponement of irradiation until
the time of the addition of SRBCs, or 7 hours after the initiation of the
cultures, results in a markedly altered dose-response curve. The difference
in the influence of irradiation at 0 and 7 hours suggests that one action of

200
PFC resoaVso

7 123 SRBC
150 0 °P-ficoll TEXT-FIGURE 11 Influence of irradiation upon

X 77 / T-dependent (SRBCs) and T-independent (TNP-
e 100 -- -_ Ficoll) antigen (adapted from Anderson et al 8).
0 1/ One-milliliter cultures were primed with SRBCs
t

/I / _ or TNP-Ficoll and irradiated. The results are ex-
so HI0I ir1r pressed as a percentage of the control response

[ilM I A I (dotted line).

Or 20r lOOr 200r
Radiation dos
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TEXT-FIGURE 12-General experi-
mental approach utilized for irra-
diation of only the T-cell or the
B-cell component of the in vitro
response to SRBCs.

RADIATION-INDUCED IMMUNE RESPONSE

T CELL
CIIIOUET

anti-B Rxed nylon column nu/nu spleen B CELL
C57BL spleen Rxed C57BL +

spleen Con A factor COMPONENT

the HRBCs added at time 0 is to render the subpopulation of cells respon-
sible for augmentation less susceptible to irradiation 7 hours later.

Text-figure 11 shows the effect of low dose irradiation upon a T-depen-
dent (SRBCs) and T-independent (TNP-Ficoll) antigen. The two antigens
were administered to duplicate aliquots of the same spleen cell suspen-
sion. Low dose augmentation is seen with the T-dependent but not the T-
independent antigen.
The next series of experiments was carried out to evaluate the influence

of low doses of irradiation upon isolated subpopulations of spleen cells en-
riched for either B- or T-cell activity. The general experimental ap-
proaches are outlined in Text-figure 12.
With respect to suspensions enriched for B cells, Text-figure 13 summa-

rizes the results of two identical experiments in which irradiated anti-6-
treated C57BL/6 spleen cells were combined with saturating numbers of

TEXT-FIGURE 13-Effect of ex-
posure of only the B-cell com-
ponent upon radiation-induced
augmentation (adapted from An-
derson and Lefkovits9). See Text-
figure 12 for the general experi-
mental approach. Anti-9-treated
spleen cells were irradiated and
combined with nonexposed nylon-
column-treated spleen cells at a
T: B cell ratio of 1:3 in 10-,ul cul-
tures. The number of microcultures
containing demonstrable antibody
was determined on Day 6.

i
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100-_ % _ _
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: 120

CM
TEXT-FIGURE 14-Effect of irradiation upon the ca-

S 60 _ / ////: pacity of nu/nu spleen cells to respond to SRBCs in
the presence of Con A helper factor (adapted from

- 40 Anderson and Lefkovits9). The results are derived
d 20tlg 2 X aa from two separate experiments.
Z 20

0 25 50 100000 400

Radiotion dose(r)

nylon-column-treated spleen cells from the same source. Equivocal aug-
mentation is associated with low (5 to 20 rads) doses.

Text-figure 14 shows the effect of irradiation on the anti-SRBC response
by nu/nu spleen cells stimulated by Concanavalin A (Con A) helper fac-
tor in 10-,ul cultures. The results are expressed as the proportion of the
total (120) number of microcultures that responded with antibody produc-
tion. No augmentation is present. Sequential irradiation demonstrated the
most pronounced loss of anti-SRBC activity to be associated with ex-
posure at 12 hours (data not shown).

Text-figure 15 shows the effect of irradiation upon the T-cell com-
ponent of the response. C57BL/6 spleen cells were exposed to varying
doses of radiation and then combined with saturating numbers of anti-G-
treated C57BL/6 spleen cells. Marked augmentation is noted with low-ex-
posure doses. Text-figure 16 summarizes the results of a similar experi-
ment utilizing 1-ml cultures in which nu/nu spleen cells (C57BL back-
ground) were employed as a source for saturating numbers of
nonirradiated B cells. Again low dose augmentation is evident.

Irradiation of lymphocytes results in an accelerated release of surface
glycoproteins,'8 some of which may possess immunologic activity. On this
basis, a series of experiments was carried out to determine if a portion of
the augmentation described might relate to the release of immunoreactive
substances. Spleen cells from 50 mice were divided into five aliquots, sus-
pended in an equal volume of medium, exposed to the indicated doses of
radiation, and incubated for 60 minutes at 37 C. The suspensions were
then centrifuged and the cell-free supernatants employed at various dilu-

* Con A helper factor is a crude supematant derived from mouse spleen cells that have been stim-
ulated by Con A.10

A IL A . .- . ..--
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TEXT-FIGURE 15-Effect of ex-
posure of only the T-cell com-
ponent upon radiation-induced
augmentation (adapted from An-
derson and Lefkovits 9). See Text-
figure 12 for the general experi-
mental approach. Spleen cells were
irradiated and added to saturating
numbers of nonirradiated anti-@-
treated spleen cells at an estimated
T: B ratio of 1:9 in 10-,.d cultures.
The number of microcultures con-
taining demonstrable antibody was
determined on Day 6. The results
are expressed as a percentage of the
control response and are derived
from three separate experiments.
Direct data from one such experi-
ment are included for purposes of
comparison.
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tions as medium in the response of C57BL/6 spleen cells to SRBC in 10-,ul
cultures. As shown in Text-figure 17, the undiluted supernatant from irra-
diated cells contains material that suppresses the anti-SRBC response.
With dilution, this suppressive effect is negated by material that augments
the response. However, no influence of radiation dose is discernible. Text-
figure 18 summarizes a similar experiment with different radiation doses
in which the incubation period after irradiation was reduced to 30 min-
utes. Again, the undiluted supernatants are uniformly suppressive, but
with dilution there is a suggestion of a dose-related augmentation that is
most pronounced in the 100-rad groups and which disappears with dilu-
tion.

Discussion

The present studies show that relatively small doses of radiation are ac-
companied by an augmentation of the in vitro response of murine spleen
cells to SRBCs. Related studies suggest that the same phenomenon may be

TEXT-FIGURE 16-Effect of ex-
posure of only the T-cell com-
ponent upon radiation-induced
augmentation. See Text-figure 12
for the general experimental ap-
proach. C57BL/6 spleen cells were
irradiated and added to saturating
numbers of nonirradiated nu/nu
(C57BL/6 background) spleen cells
in 1-ml cultures.
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demonstrable with human peripheral blood cells.'9 Augmentation appears
to relate to radiation-induced disruption of a homeostatic component of
the in vitro response that exerts its maximum effect relatively soon after
the addition of antigen (Text-figures 7 and 8). The latter observation is
consistent with the concept that augmentation is due to radiation-induced
interphase death of a subset of lymphocytes. The remarkable radio-
sensitivity of this phenomenon can be appreciated by replotting the data
of Text-figure 6 as a semilog function, as shown in Text-figure 19. With re-
spect to this text-figure, if one assumes that the peak response caused by
exposure to 18 rads represents optimal helper activity due to maximum
radiation-induced loss of suppressor cell activity, then it is possible to
quantitate in very rough fashion the radiosensitivity of the latter cell. In
arbitrary fashion, the D37 for the suppressor activity of Text-figure 19 is
defined as the dose of radiation required to reduce by 63% the maximum
help with respect to the "suppressor" or initial component of the dose-re-
sponse curve. In Text-figure 19, this is the dose required to reduce the
PFC response from 195% (maximum response) to 74% and is equal to ap-

Radiation doe
*Or 3lOOr

120 025r hI400r

100

TEXT-FIGURE 18-Release of stimulat-

-. - i -11E | MllW S 2ory/inhibitory material by irradiated
spleen cells (adapted from Anderson et

60f f 1E i AJ I W I Ial 8). See the text for the experimental

140 ~~~~~~~~~~~~~~protocol.

Undiluted 1:4 1:16 1:64
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TEXT-FIGURE 19-Estimated D37 of the
suppressor component of the dose-re-
sponse curve. Data are derived from Text-
figure 6.
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proximately 17 rads. Even the latter number is probably too large, be-
cause small doses of radiation are associated with injury to B cells.'9,,22
The influence of such putative injury to B cells would be to reduce the
peak PFC response and thus render the "suppressor" component of the
dose-response curve of Text-figure 19 less steep than might otherwise be
the case.

The evidence presented herein supports the hypothesis that low dose
augmentation of the in vitro response to SRBCs is due to radiation-in-
duced injury to a subpopulation of T cells, presumably a subset with a
suppressor function. The evidence may be summarized as follows:

1. Augmentation is associated with reduced numbers of viable cells
(Text-figure 5). Thus, this phenomenon appears to be associated with a

loss of lymphocytes. The possibility that augmentation results from radia-
tion-related enhanced activity on the part of the residual cells cannot be
excluded but seems unlikely.

2. Augmentation is found with T-dependent but not T-independent an-

tigens (Text-figure 11).
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3. Augmentation is equivocal or absent when irradiated B cells are
combined with saturating numbers of nonirradiated T cells or helper fac-
tor (Text-figures 13 and 14). Conversely, irradiation of only the T-cell
component of the response results in augmented in vitro anti-SRBC res-
ponses (Text-figures 15 and 16).

Unfortunately, the evidence that links augmentation with radiation-in-
duced injury of a subpopulation of T cells is largely inferential, and there-
fore current efforts are directed toward the development of direct evi-
dence to support or refute this hypothesis. These efforts may be
summarized as follows: 1) the effects, singly and in combination, of low
dose irradiation and antiserums directed against the I-J determinant, the
latter apparently being a surface property unique to suppressor cells; 2)
the effects of irradiation upon varying numbers of Ly 1-, 2+, 3+ cells
added to 10-,il cultures in a limiting dilution type of experiment.

Although suppressor T cells are generally considered to be radio-
sensitive, most reports to date have employed doses considerably in excess
of those reported herein. Augmented function in vivo or in vitro has been
associated with exposues of 200 to 3000 rads.'93'27 Comparable exposures
in the present series of experiments are not followed by augmentation.
The basis of this apparent discrepancy is not known but may relate to the
following:

1. Specific requirements for various T cell subpopulations in the re-
sponse under evaluation. In this connection the concept of ratio domi-
nance may be of particular importance. Each type of lymphocyte in-
volved in the in vitro immune response appears to regulate, or be
regulated by, variable numbers of another cell type. If such regulation is
dominant, then the ratio of the two cell types becomes of critical impor-
tance, particualrly with respect to the cell type that is limiting for the re-
sponse. Different doses of radiation would be expected to subtract varying
numbers of each of the involved cell types, and thus each exposure level
in each experimental model might be expected to result in a unique situa-
tion with respect to the interaction of the residual lymphocytes.

2. Discrepancies in the radiosensitivity of different modes of feedback
suppression. As reported by Gershon et al,2 '9 different immune responses
are associated with dissimilar forms of feedback suppression. The latter
may differ in radiosensitivity.

3. Discrepancies in the radiosensitivity of putative subpopulations of
suppressor T cells or their precursors. The suppressor T cell involved in

tumor immunity is relatively radioresistant, while the precursor of this
cell type is more sensitive.' In addition, there may be more than one sub-
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population of suppressor T cells. To date, each subpopulation of lympho-
cytes evaluated has differed in radiosensivity.' On this basis, it is reason-
able to suspect that putative subpopulations of suppressor T cells will
vary in their response to irradiation.
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