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Spleen cells from unimmunized mice ex-
posed to xenogeneic erythrocytes will give
rise to hemolysin-forming cells in cell culture
(1, 2). Small numbers of CBA spleen cells
fail to give rise to hemolysin-forming cells;
however, they can produce hemolysin-
forming cells when cultured in the presence
of a large number of heavily irradiated spleen
cells (3, 4). Since the heavily irradiated
cells are themselves incapable of producing
hemolysin-forming cells, these observations
suggest that the heavily irradiated cells facili-
tate hemolysin-forming cell responses by
small numbers of normal cells. This facilita-
tive function could be mediated either by the
production of a conditioning factor or, alter-
natively, by a mechanism requiring relatively
close cell—cell interaction.

In this paper data will be presented
showing (i) that the capacity of spleen cells
to give rise to hemolysin-forming cells is sup-
pressed by doses of irradiation known to inhi-
bit the capacity of cells to proliferate exten-
sively, (ii) that suppression of the facilitative
function of heavily irradiated cells requires
much higher doses of irradiation, and (iii)
that hemolysin-forming cell responses are
generated under experimental conditions al-
lowing close cellcell interaction between
normal and heavily irradiated spleen cells.
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Materials and Methods. Spleen cells were
obtained from 10-12-week-old inbred CBA/J
and (C3H/HeNOci X C57BL/60ci)F; (des-
ignated as B6C3F; below) mice. Cell suspen-
sions were prepared in cold tissue culture
medium, similar in composition to that subse-
quently used for the cell cultures. Irradiation
of cells to be used was accomplished either
by irradiating living animals or by irradiating
appropriate suspensions of spleen cells (1 X
108/ml) in cold tissue culture medium. All
irradiation procedures were carried out in a
137Cs irradiator (5). When living mice were
irradiated they were killed by cervical dislo-
cation immediately after the completion of
irradiation. The cell culture system used was
similar to that developed by Marbrook (2).
Modifications of this system, as used in our
laboratory, have been described previously
(3). A further modification consists of adding
L-asparagine (20 pg/ml) to the culture medi-
um, since it has been found that rL-asparagine
increases the number of hemolysin-forming
cells produced by a given number of spleen
cells. Sheep red blood cells (SRBC) were ob-
tained by weekly bleedings of the same sheep
and stored in citrate solution. The SRBC were
washed three times in phosphate buffered sal-
ine before they were added to the cultures.
Plaque-forming cells (PFC) were assayed ac-
cording to the method described by Jerne et
al. (6). Assays were carried out on the fourth
day of culture, because the peak PFC re-
sponse occurs at this time (4).

Results. The first group of experiments was
designed to determine the radiation survival
of the capacity of CBA mouse spleen cells to
produce PFC in culture. In some of the ex-
periments 2 X 107 spleen cells, obtained ei-
ther from mice or cell suspensions given in-
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Fic. 1. Radiation survival curves for the PFC re-
sponse produced by irradiated CBA spleen cells in
culture. Spleen cells were cultured after varying doses
of irradiation were given to either living animals (---)
or cells in suspension (—). The radiation survival
of cells from irradiated animals, i.e,, 2 X 107 spleen
cells cultured alone (O); or 2 X 10° spleen cells (A)
cultured with 2 X 10" heavily irradiated spleen cells
is similar, having a Do of 95 rads. The D, for cells
irradiated in suspension is 105 rads. The bars indicate
1 standard error. The larger shoulder in the curve
obtained for cells irradiated in vitro is similar to that
found for hematopoietic stem cells by McCulloch and
Till (15).

creasing doses of irradiation were cultured
with 2 X 10% SRBC. In separate experiments
2 X 108 spleen cells obtained from mice given
varying doses of irradiation were cultured
with 2 X 107 heavily irradiated (2000 rads)
spleen cells and 2 X 10%® SRBC. Control cul-
tures contained the same numbers of spleen
cells as described above, but SRBC were not
added. Responses in these cultures were con-
sidered to represent ‘“background” activity
and were subtracted from the total response
in cultures containing SRBC. The results are
plotted as a survival curve in Fig. 1. The
survival curve for cells irradiated in suspen-
sion (in vitro) has a larger shoulder than
that for cells obtained from irradiated mice
(in vivo), but the slopes of the exponential
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portions of the curves are similar. The D,
(the dose of irradiation required to reduce
PFC production to 37% of its former level
on the exponential portion of the survival
curve) for cells irradiated in suspension is
105 rads, while that for cells obtained from
irradiated animals is 95 rads.

Small numbers of normal spleen cells un-
able to give rise to PFC by themselves will
be able to do so in the presence of a large
number of heavily irradiated cells (3, 4).
The following experiments were designed to
determine the radiation survival of the ca-
pacity of heavily irradiated cells to facilitate
PFC production. CBA spleen cells were irra-
diated in suspension with doses in excess of
1000 rads. These doses were chosen because
they are known to completely suppress PFC
formation by the irradiated cells (see Fig. 1.
above). Suspensions of 2 X 107 irradiated
cells, 2 X 10° normal cells and 2 X 10% SR
BC were cultured and assayed for PFC on the
fourth day. Control cultures containing only
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Fic. 2. Radiation survival of the capacity of heavi-
ly irradiated CBA spleen cells to facilitate PFC re-
sponses in culture by a small number of unirradiated
spleen cells. Suspensions of spleen cells were irradiated
and 2 X 107 irradiated spleen cells were cultured
with 2 X 10° unirradiated spleen cells and 2 X 10°
SRBC. The bars indicate 1 standard error.
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2 X 10% normal spleen cells and 2 X 108
SRBC did not give rise to significant num-
bers of PFC. However, 2 X 10 normal cells
gave rise to PFC when cultured in the
presence of the irradiated cells. Doses of irra-
diation in excess of 2.5 krads were necessary
to suppress the capacity of the heavily irradi-
ated cells to facilitate PFC formation by the
normal spleen cell population (Fig. 2).

One way in which heavily irradiated spleen
cells may facilitate the production of PFC by
small numbers of normal cells is to provide
a conditioning factor in the medium. Two
experimental designs were used to test this
possibility: (i) heavily irradiated cells, mixed
with SRBC or alone, were maintained in
culture for periods ranging from 24 to 96 hr,
and the medium then used for culturing
small numbers of normal cells with or with-
out the addition of fresh, heavily irradiated
cells and SRBC, and (ii) culture chambers
were constructed using two inner chambers.
The lower end of the innermost chamber was
covered with a Millipore filter having a pore
size of 0.1 u. The heavily irradiated cells
were placed in the innermost chamber on the
Millipore membrane, and a small number of
normal cells was placed in the middle cham-
ber on the dialysis membrane. SRBC were
added to either one or both of the chambers.
Thus, the irradiated and normal cells were
separated only by a Millipore membrane.
Neither of the above methods was successful,
i.e., the small number of normal spleen cells
did not produce PFC unless they were mixed
with the heavily irradiated cells. Thus, these
methods failed to demonstrate the provision
of a conditioning factor by heavily irradiated
cells.

An alternative explanation for the facilita-
tive function of heavily irradiated spleen cells
is that a cell-cell interaction may be re-
quired between irradiated and normal cells.
If such an interaction takes place, it should
be possible to test its frequency in limiting
dilution experiments, by keeping the number
of normal (responding) cells constant while
varying the number of heavily irradiated
cells over a wide range. Cultures in which at
least one interaction takes place should be
positive for PFC, while those in which there
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is no interaction should be negative. In sepa-
rate experiments (unpublished) it has been
found that 107 B6C3F; spleen cells fail to
give rise to PFC when cultured alone, but
give rise to large numbers of PFC when cul-
tured with heavily irradiated CBA spleen
cells. Thus, by themselves, B6C3F; cells may
be considered to be rich in responding cells,
but poor in cells having a facilitative function.
Therefore, in these experiments, heavily irr-
adiated CBA cells varying in number from 1
X 108 to 20 X 108/culture were mixed with
107 B6C3F; spleen cells and 2 X 10% SRBC.
PFC assays were carried out on the fourth
day of culture. The percentage of cultures
positive for PFC in each group of cultures
containing a given number of irradiated cells
was calculated and plotted as shown in Fig.
3. The curved line represents the theoretical
limiting dilution curve, calculated from Pois-
son statistics, while the solid circles represent
the experimental data obtained. The num-
ber of irradiated CBA cells required to give
63% positive cultures was approximately
5 X 10%/culture, i.e., under these experimen-
tal conditions 107 B6C3F; cells did not give

100~ . L

90 N

80 =

60 -

50 1

40} 4

Percent positive cultures

30 4 4

10+ B

1 1

1 L
125 25 5 10
Number irradiated cells

1
20 (xI0%)

F1c. 3. Relationship between the percentage of
“positive” cultures containing PFC to SRBC (@) and
the number of heavily irradiated spleen cells per
culture: (—), calculated limiting dilution curve, as-
suming one interaction per 5 X 10° irradiated cells.
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rise to PFC unless at least 5 X 10° irradiated
CBA spleen cells were also present. Thus, it
may be concluded that 5 X 10° irradiated
CBA cells contain sufficient facilitating cells
to provide at least one interaction between the
facilitating cells in the CBA population and
the responding cells in the B6C3F; popula-
tion.

In addition to the spleen, several other
sources of cells were tested for their ability to
facilitate PFC production by small numbers
of normal spleen cells. These sources in-
cluded isogeneic lymph nodes, thymus, bone
marrow, and L-strain fibroblasts. The latter
three, whether irradiated or not, did not facil-
itate PFC production by spleen cells. Thus,
only the spleen and lymph nodes contained
cells capable of facilitating the production of
PFC.

Discussion. The results of the radiation
experiments show that the D, is 105 rads for
cells irradiated in suspension and 95 rads for
cells obtained from mice irradiated during
life. These two values are probably not sig-
nificantly different from each other. Further-
more, they are probably not significantly
higher than the value of 80 rads, reported by
Kennedy et al. (7), obtained by injecting
SRBC into the intact animal, or of 70 rads,
obtained by Makinodan et al. (8), when
spleen cells were transplanted into irradiated
mice and tested for their capacity to produce
hemagglutinin against SRBC. It is generally
accepted that an observed D, value in this
range for mammalian cells represents injury
to the capacity of cells to proliferate exten-
sively (9). Since, in the intact animal, pre-
cursors of PFC proliferate after exposure to
antigen to give rise to PFC (10), the radia-
tion survival data obtained for cells giving
rise to PFC in culture suggests that the func-
tion injured by radiation may be the capacity
of the precursor cells to proliferate in re-
sponse to antigenic stimulation.

It has been previously reported (3, 4) that
cells which have been heavily irradiated,
and therefore are incapable of extensive pro-
liferation, can facilitate the production of
PFC by a spleen cell population which is too
small to give rise to PFC by itself. The
present experiments establish that doses in
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excess of 2.5 krads are required to diminish
this facilitative function. Although it is pos-
sible that these cells may undergo one or two
abortive divisions, we would suggest that they
perform their facilitative function by some
mechanism other than proliferation.

Experiments designed to detect a condi-
tioning factor in the medium in which heavi-
ly irradiated cells were cultured did not de-
tect a conditioning effect, but mixtures of
normal and heavily irradiated cells regularly
produce PFC responses regardless of whether
the cells were cultured in fresh medium or
in “conditioned” medium. The requirement
for normal and heavily irradiated cells to be
mixed is in keeping with the view that rela-
tively close cell-cell interaction is required
for production of PFC responses.

There is ample evidence from experiments
in intact mice for thymus—marrow interaction
during hemolysin responses to SRBC (11).
In thymus-marrow synergism both popula-
tions of cells are known to proliferate during
the response (12). It is likely, on the basis of
the experiments in intact animals, that thy-
mus-derived and marrow-derived cells are
also present in the spleen cells used for cul-
ture. It is reasonable to assume that both of
these types of cells undergo proliferation in
culture as they do in intact animals. Howev-
er, in the culture experiments reported here a
class of cells was detected which can per-
form its function—the facilitation of PFC
production—in spite of having lost the capac-
ity for extensive proliferation. Such cells
could be detected in heavily irradiated spleen
and lymph nodes but not in thymus or bone
marrow. Thus, the class of cells found in the
spleen and lymph nodes is likely to be dif-
ferent from the classes derived from thymus
or bone marrow in thymus—-marrow synergism
experiments in the intact animal.

Recently Mosier (13) has described syner-
gism between two populations of spleen cells,
only one of which has the capacity to adhere
to plasticc. When adherent and nonadherent
classes of cells are mixed they give rise to
PFC formation in the culture system de-
scribed by Mishell and Dutton (1). The ad-
herent population can still support PFC pro-
duction by nonadherent cells after exposure
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to 1000 rads (14). Thus, both the Mishell
and Dutton and the Marbrook culture sys-
tems require the presence of a class of cells
capable of facilitating PFC production by a
separate class of cells. The class of cells ex-
hibiting the facilitative function can perform
this function without requiring a capacity for
extensive proliferation. It remains to be seen
whether or not this class of cells detectable
in culture systems also has a function under
physiological conditions in the intact animal.

Summary. Numbers of unimmunized CBA
spleen cells, too small to give a PFC response
in culture by themselves, can produce PFC
if they are cultured in the presence of a large
number of heavily irradiated cells. The sur-
vival after irradiation of the PFC response
by normal spleen cells has a Dy of 95-105
rads. In contrast, inhibition of the capacity
of hedvily irradiated spleen cells to facilitate
PFC production by normal cells requires
doses greater than 2.5 krads. Attempts to
demonstrate the provision of a conditioning
factor by the heavily irradiated cells were not
successful. However, mixtures of normal and
heavily irradiated cells in limiting dilution
did result in PFC production. These results
are in keeping with the hypothesis that cell—
cell interaction between the two cell popula-
tions is required for generation of PFC re-
sponses in culture. Since it is known that in
thymus-marrow synergism in intact animals
proliferation of both the thymus- and mar-
row-derived cell populations is required for
PFC production, it is suggested that in culture
a third, nonproliferating class of cells is also
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required. This class of cells can be detected
in the spleen and lymph nodes but not in the
thymus or bone marrow.

We thank Patricia Lee, Sandra Coughlin, Penelope
Thompson, and Ted Fromson for excellent technical
assistance, and our colleagues at the Ontario Cancer
Institute for advice and criticism.

1. Mishell, R. I, and Dutton, R. W., Science 153,
1004 (1966).

2. Marbrook, J., Lancet 2, 1279 (1967).

3. Osoba, D, J. Exp. Med. 129, 141 (1969).

4, Osoba, D., Transplant. Proc. 1, 567 (1969).

5. Cunningham, J. R., Bruce, W. R., and Webb, H.
P., Phys. Med. Biol. 10, 381 (1965).

6. Jerne, N. K., Nordin, A. A,, and Henry, C,
“Cell-bound Antibodies” (B. Amos and H. Koprow-
ski, eds.), p. 109. Wistar Inst. Press, Philadelphia
(1963).

7. Kennedy, J. C., Till, J. E., Siminovitch, L., and
McCulloch, E. A,, J. Immunol. 94, 715 (1965).

8. Makinodan, T., Kastenbaum, H. A., and Peter-
son, W. J., J. Immunol. 88, 31 (1962).

9. Whitmore, G. F., and Till, J. E.,, Annu. Rev.

- Nucl. Sci. 14, 347 (1964).

10. Syeklocha, D., Siminovitch, L., Till, J. E., and
McCulloch, E. A,, J. Immunol. 96, 472 (1966).
11. Claman, H. N, and Chaperon,

Transplant. Rev. 1, 92 (1969).

12. Nossal, G. J. V., Cunningham, A., Mitchell, G.
F., and Miller, JFAP, J. Exp. Med. 128, 839
(1968).

13. Mosier, D. E., Science 158, 1573 (1967).

14. Roseman, J., Science 165, 1125 (1969).

15. McCulloch, E. A, and Till, J. E., Radiat. Res.
16, 822 (1962).

E. A,

Received Oct. 14, 1969. PS.E.B.M,, 1970, Vol. 133.





