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Experiments were performed to elucidate the role of colony-stimulating factors in host defenses to the
intracellular pathogen Listeria monocytogenes. Mice were protected against Listeria sp. by adoptive transfer of
immune spleen cells and were then challenged with listeriae intravenously. Control mice were injected with
spleen cells from uninfected mice. Adoptively immunized (immune) mice had significantly fewer listeriae in
spleens and livers 2 and 4 days after Listeria challenge than did control mice. During acute infection,
colony-stimulating activity in serum was increased earlier (10 h) in immune mice than in controls.
Concentrations of colony-stimulating activity were equal at 24 h. By 48 h, values were decreased in immune
mice, but were elevated in control mice. Similar changes were noted when a specific colony-stimulating factor,
macrophage colony-stimulating factor, was measured in serum by using a radicimmunoassay. The changes in
serum colony-stimulating activity in mice adoptively immunized with immune spleen cells were eliminated if
spleen cells were first treated with anti-Thy-1.2 monoclonal antibodies. The number of macrophage progenitor
cells in bone marrow and spleen were also determined as measures of the hemopoietic potential in these organs.
The number of macrophage progenitor cells in bone marrow was higher in immune animals than control
animals at 1, 2, and 4 days of infection. Similarly, the number of these cells in spleens was higher during the
early stages of infection in immune mice. These results indicate that both the regulation of leukocyte production
and the transfer of specific cellular immunity by spleen cells are associated, and they therefore suggest that

hemopoietic regulatory factors play a role in immune host defenses.

Listeriosis in mice is an extensively studied model of
host-parasite interaction. During the early stages of infec-
tion, the production of phagocytes in bone marrow and
migration of these cells into infected tissues are essential
processes for host resistance (2, 8). Immunity to Listeria
monocytogenes requires both specifically sensitized T lym-
phocytes and effector phagocytes, primarily granulocytes
and macrophages (5). While many details of the immune
reaction have been investigated, the specific mechanism
whereby T lymphocytes increase resistance is unknown. In
particular, it is unclear how T lymphocytes and their prod-
ucts regulate the production and differentiation of phago-
cytes.

We have approached this problem previously by studying
the changes in parameters that affect macrophage-monocyte
production in vivo (12, 15). Specifically, in these earlier
studies, we measured macrophage colony-stimulating factor
(M-CSF) concentrations in serum and determined the num-
ber of macrophage precursors in bone marrow and spleen in
mice challenged with Listeria sp. Our results showed that
M-CSF levels in serum of nonimmune mice rose within 24 h
of Listeria inoculation and remained elevated during infec-
tion. In immune mice, M-CSF levels rose earlier than in
nonimmune mice but decreased by 48 h after infectious
challenge. The number of macrophage precursors in bone
marrow was greater in immune mice, whereas the number in
spleens was less. The current studies were designed to
determine whether the changes described previously in
immune mice are associated with cells that are capable of
transferring immunity. To answer these questions, mice
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were immunized by adoptive transfer with spleen cells and
then challenged with Listeria sp. Serum levels of colony-
stimulating factors and the number of macrophage precur-
sors were measured.

MATERIALS AND METHODS

Mice. Female C57BL/6 mice were purchased from Jack-
son Laboratories, Bar Harbor, Maine, and were used be-
tween 8 and 16 weeks of age. Mice were housed in well-
ventilated rooms kept between 21 and 22°C. Rodent labora-
tory chow (no. 5001; Ralston Purina Co.) and water were
given ad libitum. During experiments, mice were kept in a
separate isolation room.

L. monocytogenes. The L. monocytogenes isolate and its
preparation were described previously (15). The 50% lethal
dose for C57BL/6 mice is approximately 10° listeriae intra-
venously. Mice were inoculated in a lateral tail vein with a
suspension of bacteria in 0.9% NaCl. The number of viable
Listeria organisms in each inoculum was determined by
subculturing dilutions on tryptic soy agar.

Quantitation of L. monocytogenes in spleens and liver. The
number of bacteria in organs was determined by homogeni-
zation and culturing on agar as described previously (13).

Preparation of spleen cells. Mice were immunized by
intravenous inoculation with 10* listeriae. Six or 13 days
later, they were Killed by cervical dislocation, and spleens
were removed by sterile technique. The spleens were forced
through a wire mesh screen into RPMI 1640 plus 5% heat-
inactivated fetal calf serum, penicillin (100 U/ml), and strep-
tomycin (100 pg/ml). The suspension was passed through a
funnel lined with glass wool to remove tissue fragments and
then forced through an 18 gauge needle several times to form
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TABLE 1. L. monocytogenes in spleens and livers

Organism count in mice injected with cell type*:

Time of
Organ
count None Control Immune
Spleen Day2 6.177 = 0.185 6.578 = 0.158 2.972 = 0.235°
Day 4 6.469 *+ 0.426 4.584 + 0.623 1.617 = 0.702°
Liver Day 2 5.287 £ 0.320 4.494 = 0.048 3.695 = 0.157°
Day 4 6.098 + 0.648 4.360 + 0.183 2.636 = 0.660°

% Mice were injected with 6 x 107 spleen cells from either nonimmune mice
(control) or immune mice, or received no cells. Listeriae were then inoculated
within 1 h. Spleen and liver counts were performed at 2 and 4 days. Results
are expressed as the mean + 1 standard deviation (logy) of five mice per
group. Statistical analysis was by one-way analysis of variance, and grouping
was determined by Fisher's least significant difference.

b Significantly less than nonimmune cells (P < 0.01).

a single-cell suspension. The cells were washed once in the
above medium, counted, and brought to an appropriate
concentration of viable cells in the same medium as deter-
mined by trypan blue exclusion. In some experiments
Thy-1.2 antigen-bearing cells were depleted by incubating
spleen cells with anti-Thy-1.2 monoclonal antibody (rat
immunoglobulin G2b; Becton Dickinson Immunocytometry
Systems, Mountain View, Calif.) and rabbit complement
(Low Tox-M rabbit complement; Cederlane Laboratories,
Ltd., Hornby, Ontario, Canada). Spleen cells (10’/ml) were
incubated with antibody (1.25 pg/ml) for 30 min at 4°C; cells
were washed, and complement (1:20 dilution) was added for
30 min at 37°C. The cells were washed, and the depletion
was repeated once. The efficacy of the cytotoxicity proce-
dure was confirmed by labeling cells with anti-Thy-1.2
antibody and then labeling with a fluoresceinated goat anti-
rat immunoglobulin G F(ab), antibody (Cooper Biomedical,
Malvern, Pa.). Cells were analyzed for fluorescence on an
Ortho Spectrum III flow cytometer (Ortho Diagnostic Sys-
tem, Westwood, Mass.). The mean reduction of Thy-1.2
antigen-bearing cells in our laboratory was 71 = 11% for 11
experiments.

Adoptive transfer of spleen cells and challenge with L.
monocytogenes. Mice were injected intravenously with § X
107 to 10 X 107 viable spleen cells. One hour later the animals
were inoculated intravenously with 5 X 10% to 10 x 10* L.
monocytogenes.

Determination of CSA in serum by a colony-forming assay.
Total serum colony-stimulating activity (CSA) was deter-
mined by modification of a colony-forming assay (15).
Uninfected mice were killed by cervical dislocation. The
right femur was removed and flushed with 2.0 ml of McCoy
SA medium, using a 23 gauge needle. Suspensions of bone
marrow cells from three mice were combined, aspirated
through an 18 gauge needle to break up clumps of cells, and
then counted in a hemacytometer. The cells were brought to
a final concentration of 10° cells per ml in supplemental
McCoy 5A medium containing 15% fetal calf serum, amino
acids, penicillin (100 U/ml), streptomycin (100 pg/ml), am-
photericin (0.25 pg/ml), and 0.3% agar. The bone marrow
cell suspensions were then placed in tissue culture dishes (35
by 10 mm), and 6.25 to 150 wl of serum was added. The
plates were incubated for 7 days at 37°C in a humidified
atmosphere containing 7.5% CO,. Five plates were used for
each experimental condition. After 7 days, the number of
colonies, defined as a cluster containing greater than 50 cells,
was scored for each plate by using a dissecting microscope.
Control plates stimulated with known dilutions of L-cell-
conditioned medium as a source of M-CSF were used a
reference.
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M-CSF level determinations. M-CSF levels in serum were
measured by a double-antibody radioimmunoassay tech-
nique as described previously (3). Blood was obtained from
the retro-orbital venous plexus at various times after inocu-
lation. Serum samples from five mice were pooled, and
duplicate 0.1-ml samples were assayed.

Quantitation of CFUm in bone marrow and spleen cells.
The number of macrophage progenitor cells (CFUm) was
determined in both bone marrow and spleen by a colony-
forming assay (15). Briefly, mice were killed by cervical
dislocation, and their femurs and spleens were excised. The
right femurs were each flushed with 2.0 ml of McCoy SA
medium, using a 23 gauge needle. Suspensions of spleen
cells were prepared by forcing spleens through a stainless-
steel mesh. The cell suspensions of each organ from three
mice were combined, aspirated through an 18 gauge needle
to break up clumps of cells, and then counted in a
hemacytometer. The cells were brought to a final concentra-
tion of 10° cells per ml (marrow) or 10° cells per ml (spleen)
in supplemented McCoy SA medium containing 15% fetal
calf serum, amino acids, penicillin (100 U/ml), streptomycin
(100 pg/ml), amphotericin (0.25 pg/ml), and 0.3% agar.
Various dilutions of L-cell-conditioned medium as a source
of M-CSF were added (11). The cell suspensions were then
placed in tissue culture dishes (35 by 10 mm) and incubated
for 7 days at 37°C in a humidified atmosphere containing
7.5% CO,. Five plates were used for each experimental
condition. After 7 days, the number of colonies in each plate
containing >50 cells was counted using a dissecting micro-
scope. Only monocytes and macrophages are present in
these colonies after 7 days of culture when L-cell-condi-
tioned medium is used as a source of CSF (10). The number
of CFUm per femur or spleen was calculated from the mean
number of CFUm per plate and the total number of cells per
organ.

Statistical analysis. Statistical analysis was by Student’s ¢
test or one-way analysis of variance.
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FIG. 1. CSA in serum in mice immunized by adoptive transfer.
CS7BL/6 mice were injected with 7.4 x 107 spleen cells from mice
that had been inoculated 6 days previously with 10* listeriae or with
saline (control). One hour later 10° listeriae were inoculated intra-
venously. CSA (CFU per milliliter) was measured in serum (pooled
from five mice per group) at various times afterwards. Data are
expressed as the mean * 1 standard deviation. The value at time 0
represents the mean of uninfected, uninjected mice.
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TABLE 2. CSA in sera and number of L. monocytogenes in spleens of mice inoculated with Thy-1.2-depleted spleen cells*

Mean CSA (colonies/ml) = SEM at (time):

Mean L. monocytogenes (1ogo)/

Spleen cells organ +* SEM at 48 h
12 h 24 h 48 h Liver Spleen
Control 1,040 = 78 776 + 182 4,568 = 471 3.880 = 0.135 5.262 = 0.181
Listeria-immune 2,472 + 215° 672 + 116 464 * 65¢ 2.323 = 0.140¢ 1.650 + 0.173¢
Listeria-immune + anti-Thy-1.2 + C 1,664 = 290* 560 = 99 3,664 + 587 4.086 + 0.136 5.156 = 0.140

« Mice were injected intravenously with 6 x 107 spleen cells harvested from other mice inoculated 7 days earlier with either saline (control) or 10* listeriae. Half
of the spleen cells were treated with anti-Thy-1.2 antibodies plus complement. One hour later, mice were inoculated with 5 x 10* listeriae. Serum CSA was
determined at 12, 24, and 48 h, and the number of listeriae per spleen was determined at 48 h. Results represent mean * standard error of 10 samples from two
experiments. The data were analyzed by one-way analysis of variance, and grouping was determined by Fisher's least significant difference for each time period.

b Values significantly greater than control.
¢ Values significantly less than control.

RESULTS

Transfer of immunity by listeria-immune spleen cells. Ex-
periments were performed to confirm in our model that
immunity to listeriae could be transferred with immune
spleen cells. Mice were injected intravenously with 6 x 10’
spleen cells from either nonimmune (control) or immune
mice and 1 h later were challenged with 5 x 10* (0.5 50%
lethal dose) listeriae intravenously. Two and 4 days later, the
numbers of listeriae in livers and spleens were significantly
less in mice that had received immune spleen cells than in
mice that had received control cells or no cells (P < 0.01)
(Table 1).

Changes in serum CSA and M-CSF during listerial infec-
tion. Our previous studies had shown specific changes in
parameters of macrophage production in immune mice that
differed from those of nonimmune mice (12, 15). To extend
these observations, experiments were designed to determine
whether changes in total serum CSA correlated with immu-
nity in mice that had been immunized by adoptive transfer
and then challenged with listeriae. The CSA in serum was
determined by an in vitro colony growth assay, which is a
measure of the total effect of all colony-stimulating factors
including M-CSF, granulocyte-macrophage CSF, granulo-
cyte CSF, and multi-CSF (interleukin-3). Mice immunized
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FIG. 2. CFUm in bone marrows of immune mice. Mice received
6.5 x 107 spleen cells from either immune (®---#) or control
(@——®) mice and then were inoculated with 5 x 10* listeriae. The
number of CFUm was measured at various times afterwards.

by adoptive transfer had significantly higher levels of serum
CSA 10 h after listerial challenge than mice that had been
inoculated with control spleen cells (P < 0.05) (Fig. 1). At 24
h, differences were not significant. By 48 and 96 h, immune
mice had significantly lower levels than control mice (P <
0.01). Levels tended to return to levels of uninfected mice by
7 days. Similar findings were observed in four consecutive
experiments. When M-CSF levels were determined by a
radioimmunoassay, concentrations were increased 10 h after
challenge in immune mice as compared with control mice. At
24 h values were similar, and at 48 h values were lower in
immune mice.

Effect of depletion of Thy-1.2 antigen-bearing cells on CSA
production and on the number of listeriae in spleens and
livers. To determine whether T lymphocytes were responsi-
ble for the changes in CSA levels documented above, spleen
cells were depleted of Thy-1.2 antigen-bearing cells before
being used for adoptive transfer. Mice were inoculated with
6 x 107 viable spleen cells and 5 X 10* listeriae in all groups.
Serum was obtained 12, 24, and 48 h later, and CSA levels
were determined. Mice receiving immune spleen cells had
elevated levels compared to controls at 12 h, but significantly
lower levels at 24 and 48 h (Table 2). In contrast, mice
receiving immune spleen cell populations depleted of Thy-
1.2-positive cells had CSA levels modestly elevated at 12 h
as compared with mice receiving control spleen cells. Levels
at 24 and 48 h were similar to those in controls. The numbers
of Listeria organisms per organ were lower than controls in
mice injected with immune spleen cells, but equivalent to
controls in mice injected with Thy 1.2-treated spleen cells at
48 h.

Changes in the number of CFUm in bone marrow. The
number of macrophage precursors in bone marrow is one
parameter that may reflect the overall capacity of an animal
to produce cells of the macrophage lineage. An in vitro
colony-forming assay was used to assess changes in CFUm
in bone marrow of mice immunized by adoptive transfer and
then challenged with listeriae. Results of a representative
experiment demonstrated that the numbers of CFUm in
marrows of mice given immune spleen cells were higher on
days 2, 4, 7, and 14 than those in control mice (P < 0.01)
(Fig. 2). In other experiments, differences were noted only
on days 2 and 4. Numbers of CFUm in control mice fell to a
nadir at 4 days of infection and then returned towards
normal.

Changes in spleen CFUm. Extramedullary hemopoiesis in
organs such as the spleen rises sharply in mice during acute
infection. We measured the number of CFUm in spleens as
an indication of the number of macrophage precursors in
immune and control mice at various times during infection.
The number of CFUm was higher in immune versus control
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FIG. 3. CFUm in spleens in immune mice. Symbols: ®-——@,
immune spleen cells; ®——@, control spleen cells.

mice on days 1, 2, and 4 after inoculation (P < 0.01) (Fig. 3).
Control mice had higher numbers 7 and 14 days after
infection (P < 0.05 and P < 0.001, respectively).

DISCUSSION

In previous studies, we showed that immune mice had an
accelerated secretion of M-CSF compared to controls in
response to challenge with Listeria sp. (12). The immune
mice also had higher numbers of bone marrow macrophage
precursors during infection. In the studies reported here,
adoptive transfer techniques allowed us to conclude that
spleen cells were responsible for the changes in CSF re-
sponses and bone marrow precursors. Specifically, mice
immunized by adoptive transfer of spleen cells from immune
animals had an earlier increase in CSA and M-CSF concen-
trations during Listeria infection than control mice. This
effect could be ascribed to T lymphocytes in the spleen since
depletion of Thy-1.2-positive cells ablated the protection and
the observed changes in CSA. Similarly, CFUm in bone
marrow were increased in adoptively transferred animals as
compared with controls. The number of splenic CFUm was
increased in immune animals early in infection, a finding not
noted in earlier studies, but decreased later in infection. A
possible explanation for these differences is that injected
spleen cells are distributed differently early in infection
compared to lymphocytes in animals actively immunized by
infection. Overall, these data demonstrate that both protec-
tive immunity and the concomitant changes in parameters of
leukocyte production can bé transferred by T lymphocytes,
suggesting a functional linkage betweén the two.

The CSA in serum is a measure of the effect of all
colony-stimulating factors and their inhibitors and presum-
ably includes M-CSF, granulocyte-macrophage CSF, granu-
locyte CSF, and interleukin-3. T lymphocytes are known to
produce CSFs in response to mitogen or antigen stimulation
in vitro (7). The findings in this study are consistent with
T-cell production and secretion of CSFs during antigenic
stimulation with Listeria sp. in vivo. Further experiments
from our laboratory indicate that L3T4-positive T lympho-
cytes are responsible for production of the majority of CSA
during immune stimulation in vitro (D. M. Magee and E. J.
Wing, manuscript submitted). It should be noted, however,
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that Listeria infection causes elevations in CSF levels in
nonimmune mice before T-cell immunity can be detected
(15). This indicates that other cell types may be responsible,
in part, for CSF secretion during infection. Indeed, many
tissues and cell types, including lung, placenta, fibroblasts,
and macrophages, have the capacity to produce and secrete
CSFs (7, 14).

While the specific functions of CSFs during acute infection
are unknown, it seems most likely that a primary role is to
stimulate the proliferation and differentiation of leukocyte
progenitor cells (7). In vivo, this effect potentially increases
the pool of both granulocytes and macrophages available for
host defenses. In support of this concept, recent evidence
indicates that recombinant human granulocyte-macrophage
CSF directly enhances the production of leukocytes in vivo
(4). This capacity of CSFs to stimulate leukocyte production
may be particularly relevant to immune host defenses, as
illustrated by the Listeria model. Resistance to Listeria sp.
depends on the bone marrow production of leukocytes early
in infection (2, 8). If bone marrow is irradiated to prevent cell
proliferation, the major resistance factor during the first 48 h
of infection is eliminated, multiplication of bacteria occurs
unchecked, and animals die. Also, studies with genetically
resistant and genetically sensitive mouse strains indicate that
production of monocytes is critical during early host resist-
ance to this pathogen (6, 9). Therefore, factors that regulate
bone marrow and spleen production of leukocytes, such as
CSFs, the number of progenitor cells, and tissue stroma, are
probably essential for resistance and immunity to this patho-
gen.

CSFs may also enhance host defenses by stimulating the
effector function of mature tissue leukocytes. For example,
granulocyte-macrophage CSF and M-CSF increase the
secretory capacity of neutrophils and macrophages, respec-
tively (7, 14). CSFs have also been noted to alter the
metabolism and morphology of leukocytes and to have
significant functional effects that may contribute to inflam-
matory responses (1, 7). It is tempting to speculate, there-
fore, that CSFs, which have multiple effects on the
leukocyte axis, are produced under the control of T lympho-
cytes during immune reactions and that immunity itself may
depend, in part, on these growth factors.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grants RO1
CA33035 and RO1 AI20638 from the National Institutes of Health.
We are grateful to Alan Winkelstein for reviewing the manuscript
and to Patricia Vasilatos for preparing the manuscript.

LITERATURE CITED

1. Ampel, N. M., E. J. Wing, A. Waheed, and R. K. Shadduck.
1986. Stimulatory effects of purified macrophage colony-stimu-
lating factor on murine resident peritoneal macrophages. Cell.
Immunol. 97:344-356.

2. Bennett, M., and E. E. Baker. 1977. Marrow-dependent cell
function in early stages of infection with Listeria monocyto-
genes. Cell. Immunol. 33:203-210.

3. Boegel, F., A. Waheed, and R. K. Shadduck. 1981. Evaluation of
radioimmunoassay and in vitro colony assay techniques for
determination of colony stimulating factor and inhibitory activ-
ity in murine serum and tissue. Blood 58:1141-1147.

4. Donahue, R. E., E. A. Wang, D. K. Stone, R. Kamen, G. G.
Wong, P. K. Sehgal, D. G. Nathan, and S. C. Clark. 1986.
Stimulation of haematopoiesis in primates by continuous infu-
sion of recombinant human GM-CSF. Nature (London) 321:
872-875.

S. Hahn, H., and S. H. E. Kaufmann. 1981. The role of cell-



VoL. 55, 1987

10.

mediated immunity in bacterial infections. Rev. Infect. Dis.
3:1221-1250.

. Kongshavn, P. A. L., C. Sandarangani, and E. Skamene. 1980.

Cellular mechanisms of genetically determined resistance to
Listeria monocytogenes, p. 149-163. In E. Skamene, P. A. L.
Kongshavn, and M. Landy (ed.), Genetic control of natural
resistance to infection and malignancy. Academic Press, Inc.,
New York.

. Metcalf, D. 1986. The molecular biology and functions of the

granulocyte-macrophage colony-stimulating factors. Blood 67:
257-267.

. North, R. J. 1970. The relative importance of blood monocytes

and fixed tissue macrophages to the expression of cell-mediated
immunity to infection. J. Exp. Med. 132:521-534.

. Sandarangani, C., E. Skamene, and P. A. L. Kongshavn. 1980.

Cellular basis for genetically determined enhanced resistance of
certain mouse strains to listeriosis. Infect. Immun. 28:381-386.
Shadduck, R. K., A. Waheed, G. Pigoli; F. Boegel, and L.
Higgins. 1979. Fractionation of antibodies to L-cell colony-
stimulating factor by affinity chromatography. Blood 53:

11.

12.

13.

14.

15.

CSF AND CFUm IN LISTERIA-IMMUNE MICE 1847

1182-1190.

Waheed, A., and R. K. Shadduck. 1979. Purification and prop-
erties of L cell-derived colony-stimulating factor. J. Lab. Clin.
Med. 94:180-194.

Wing, E. J., L. Barczynski, A. Waheed, and R. K. Shadduck.
1985. Effect of Listeria monocytogenes infection on serum
levels of colony-stimulating factor and number of progenitor
cells in immune and nonimmune mice. Infect. Immun. 49:
325-328.

Wing, E. J., and D. Y. Kresefsky-Friedman. 1980. Decreased
resistance to Listeria monocytogenes in mice infected with
killed Corynebacterium parvum: association with suppression
of cell-mediated immunity. J. Infect Dis. 141:203-211.

Wing, E. J., and R. K. Shadduck. 1985. Colony-stimulating
factor, p. 219-243. In P. F. Torrence (ed.), Biological response
modifiers. Academic Press, Inc., New York.

Wing, E. J., A. Waheed, and R. K. Shadduck. 1984. Changes in
serum colony-stimulating factor and monocytic progenitor cells
during Listeria monocytogenes infection in mice. Infect. Im-
mun. 45:180-184.



