INFECTION AND IMMUNITY, Mar. 2001, p. 1795-1807
0019-9567/01/$04.00+0 DOI: 10.1128/1AI.69.3.1795-1807.2001

Vol. 69, No. 3

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Aberrant Macrophage and Neutrophil Population Dynamics and

Impaired Th1l Response to Listeria monocytogenes in
Colony-Stimulating Factor 1-Deficient Mice

INDIRA GULERIA anp JEFFREY W. POLLARD*

Departments of Developmental and Molecular Biology and Obstetrics and Gynecology and Women’s Health,
Albert Einstein College of Medicine, New York, New York 10461

Received 1 May 2000/Returned for modification 14 June 2000/Accepted 1 December 2000

Listeria monocytogenes, a facultative intracellular bacterium, has been used extensively to study innate
immune responses. Macrophages act as hosts for this bacterium as well as a major defense against it. Using
mice homozygous for a null mutation (CsfI°”) in the gene for the mononuclear phagocytic growth factor
colony-stimulating factor 1 (CSF-1), we have demonstrated that CSF-1-regulated macrophages were essential
to defend against a listerial infection. In the absence of CSF-1, monocytes were not recruited to the sites of
infection due to the lack of synthesis of the macrophage chemoattractant chemokine MCP-1. In addition, there
was no burst of interleukin-10 (IL-10) synthesis that has been shown to result in the egress of neutrophils from
sites of infection. Consequently, neutrophils were not replaced by macrophages, and numerous neutrophil-
filled microabscesses developed, followed by tissue destruction and death of the mice. In the CSF-1 nullizygous
mice compared to wild-type mice, there was also a very low synthesis of gamma interferon (IFN-y), resulting
in reduced macrophage activation. However, the concentrations of the IFN-y-inducing cytokines IL-12 and
IL-18 at this bacterial load were similar in these mutant mice. In contrast, IL-6 concentrations were dramat-
ically reduced. Administration of IL-6 to Csf1°?/CsfI°” mice significantly increased the synthesis of IFN-y and
reduced the bacterial burden to a greater extent than treatment with IFN-vy alone. These data indicate that IL-6

occupies a central role in the CSF-1-regulated macrophage response to L. monocytogenes.

Listeria monocytogenes has been a preferred experimental
model to study the host defense to intracellular bacteria. It is
a gram-positive intracellular bacterium that replicates primar-
ily within macrophages; therefore, infection is restricted to
macrophage-rich organs such as the liver and spleen. L. mono-
cytogenes can also infect other cells, especially hepatocytes in
the liver and epithelial cells, which may provide the portal of
entry through the intestine.

L. monocytogenes provokes a powerful innate immune re-
sponse that requires interactions between macrophages, NK
cells, and neutrophils. However, for sterile eradication, T cells
need to be activated (4). Most of these cellular interactions are
mediated by cytokines, and studies, particularly with neutral-
izing antibodies or mice carrying null mutations in cytokine
and cytokine receptor genes, have established roles for inter-
leukin-1 (IL-1), IL-4, IL-6, IL-12, IL-18, tumor necrosis factor
alpha (TNF-a), and gamma interferon (IFN-y) in host re-
sponse. For instance, macrophage synthesis of IL-12 and
TNF-« early after infection results in a synergistic stimulation
of NK cells to synthesize IFN-y (51, 53). This IFN-vy activates
resident macrophages to become listeriocidal, particularly
through the production of NO, and also induces ThO cells to
undergo differentiation to CD4" Th1 cells. These Thl cells
synthesize additional IFN-v, thus positively amplifying the host
response. The activated macrophages now have an increased
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ability to present listerial antigens to these T cells, resulting in
their differentiation into armed effector cells and the sterile
eradication of the bacteria (26, 53).

Colony-stimulating factor 1 (CSF-1) is the major regulator
of cells of the mononuclear phagocytic lineage (46). It regu-
lates their survival, proliferation, and differentiation and is a
major chemoattractant for these cells (46, 54). Studies on the
biology of CSF-1 were significantly enhanced when the reces-
sive osteopetrotic mutation Csf1? (formerly Csfin® or op) was
shown to be a null mutation in the CSF-1 gene (56, 61). The
phenotype of CsfI°?/CsfI°? mice confirmed the central role of
CSF-1 in macrophage biology since analysis with a wide range
of markers showed these mice to be depleted in monocytes and
many populations of macrophages in many tissues (8, 25, 47,
56, 58, 59). However, these studies also indicated a further
level of complexity in the mononuclear phagocytic system since
some macrophage populations, particularly those associated
with the immune system such as those in the spleen and lymph
nodes, are relatively unaffected by the absence of CSF-1 (8,
39).

Surprisingly, given the macrophage deficiency, early studies
of immune function in Csf1°”?/Csf1°” mice showed that they can
mount effective humoral and cell-mediated responses to T-
cell-dependent antigens (9, 55). The noncompromised ability
to present antigens might be due to the normal numbers of
dendritic cells in these mice (59), the previously mentioned
normal macrophage density in immune organs, or antigen pre-
sentation by other immune cells. Furthermore, in studies using
an intraperitoneal infection of mice with fecal bacteria, al-
though Csf1°?/Csf1°P mice were slower to resolve the infection
than wild-type mice, they mounted an effective immune re-
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sponse and eradicated the bacteria (57). However, recent stud-
ies with the intracellular bacterium Mycobacterium tuberculosis
indicate that the mutant mice are more susceptible to chal-
lenge than control mice, indicating defects in macrophage
function (48). To further study macrophage functions and be-
cause L. monocytogenes replicates in macrophages but also
requires macrophage functions for an effective immune re-
sponse to be mounted, we challenged CsfI°?/CsfI°” mice with
L. monocytogenes. Csf1°?/CsfI°? mice were considerably more
susceptible to L. monocytogenes than wild-type mice. These
studies confirmed the central role of CSF-1-dependent macro-
phages in immune response to L. monocytogenes and indicated
an important role for IL-6 in this response that is at least
partially mediated by IFN-y.

MATERIALS AND METHODS

Mice. Female homozygous (CsfI°?/CsfI°”) and heterozygous (+/Csf1°7) mice
(referred to as controls) were maintained on a C3H/C57BL/6 background in a
closed, randomly bred colony. Both age-matched (8- to 12-week-old) and weight-
matched (18- to 20-g) mice were used for the study. Heterozygous mice were
chosen as control mice since their systemic concentrations of CSF-1 and tissue
macrophage densities were not different from those of homozygous wild-type
mice (8). Details of their housing and care have been given elsewhere (11). All
experiments were performed under institutional animal care guidelines and an
approved protocol.

Bacteria and infections of mice. L. monocytogenes strain EGD was grown to
log phase in tryptic phosphate broth (Difco Laboratories, Detroit, Mich.) and
stored in aliquots at —70°C. One tube was thawed and serially diluted, and
dilutions were plated on tryptic phosphate agar plates in duplicate in order to
quantitate the bacteria. Colonies were counted 24 h later. Mice were infected
intravenously (i.v.) via the lateral tail vein with titers of L. monocytogenes as
indicated below. However, in most experiments 10* CFU per mouse was used.
The mice were monitored for survival and mortality over 6 days. Other groups of
mice were sacrificed at 1, 24, 48, and 72 h postinfection (p.i.), and their livers and
spleens were taken. These tissues were homogenized in phosphate-buffered
saline (PBS), and serial dilutions of tissue homogenates were plated onto tryptic
soy agar. The number of CFU of L. monocytogenes was counted after 24 h of
incubation.

Preparation of HKLM. A suspension of heat-killed L. monocytogenes
(HKLM) was prepared by growing bacteria in tryptic soy broth overnight. Cul-
tures in log phase growth were harvested, centrifuged, and washed in PBS. An
aliquot from this suspension was used to enumerate the number of viable units
of bacteria. The recovered bacteria were heat inactivated by incubation at 80°C
for 1 h. The absence of viable colonies was confirmed by lack of growth on tryptic
soy agar plates.

Spleen cell and T-cell preparation. Spleens taken at 24, 48, and 72 h p.i. were
teased through a cell strainer (70-pm mesh; Beckton Dickinson and Co., Frank-
lin Lakes, N.J.) to obtain single-cell suspensions, and erythrocytes were lysed by
treatment with ammonium chloride. Spleen cells were enriched for T cells by 2x
passage over nylon wool columns (44), resulting in >95% pure T cells. Spleno-
cytes or T cells were resuspended in RPMI 1640 medium supplemented with
10% fetal calf serum—2 mM glutamine, 100 U of penicillin-streptomycin per ml,
and 5 X 107 B2-mercaptoethanol. Syngeneic irradiated spleen cells served as
antigen-presenting cells (ACs) in T-cell assays. Since CsfI°?/CsfI°” mice have a
mixed background, F1 generation of a cross between strain C3H and strain
C57BL/6 was used to prepare ACs. HKLM (10% and 107) antigens served as
specific antigens to restimulate splenocytes or T cells in vitro. Mitogen controls
were performed by stimulation with concanavalin A (Con A) (Sigma Chemical
Co., St. Louis, Mo.) for T-cell assays and by lipopolysaccharide (LPS) (Sigma
Chemical Co.) for splenocyte assays. Anti-mouse CD4 (L3T4), clone H129.19
(Pharmingen, San Diego, Calif.) (37), or anti-mouse CD8 (Ly-2), clone 53-6.7
(Pharmingen) (29), along with the isotype-matched control antibody rat immu-
noglobulin G2a (IgG2a), was used for blocking experiments. Splenocytes were
used to analyze cytokine synthesis by macrophages.

Cell proliferation assay. For T-cell proliferation assay, 10° T cells/well were
cultured with 10° ACs in the presence of HKLM bacteria (10%/well or 107/well)
or in the presence of the ConA (2.0 pg/ml) in 96-well plates. Cells were harvested
4 to 5 days later, after an 8-h pulse with [*H]thymidine (1 p.Ci/well), and the
incorporated thymidine was measured as previously described (44).
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Cytokine analysis. T cells (in the presence of ACs) or splenocytes were cul-
tured in the presence of specific (HKLM) antigens or with mitogen (ConA/LPS).
After 24 and 48 h, supernatants were collected and frozen at —70°C for cytokine
analysis. For measuring IFN-y, MCP-1, IL-4, and IL-5, matched antibody pairs
from Pharmingen were used in a sandwich enzyme-linked immunosorbent assay
(ELISA) along with recombinant murine cytokine to construct a standard curve.
IL-6, IL-10, KC, macrophage inflammatory protein 2 (MIP-2), and MIP-1a were
measured using R&D System’s (Minneapolis, Minn.) immunoassay kits. TNF-a
was measured using an ELISA kit from Endogen. IL-18 was measured with an
immunoassay kit from MBL International (Nagoya, Japan). IFN-y secretion was
measured from T-cell/splenocyte culture supernatants. Other cytokines were
detected from culture supernatants of splenocytes. Where indicated, anti-CD4
(1, 5, or 10 pg/ml) or anti-CD8 (1, 5, or 10 pwg/ml) was added to splenocytes to
block signaling through the CD4 or CDS8 receptor. In some cultures equal
concentrations of the isotype-matched antibody rat IgG2a were added. All cul-
tures were set up in triplicate, and the culture supernatants were tested for IFN-y
production after 24 and 48 h. For analysis in homogenates, spleens and livers
were homogenized in 1 ml of PBS with 1% (vol/vol) Triton. They were clarified
by centrifugation at 11,750 X g. The supernatants were aliquoted and stored at
—70°C for cytokine analysis. To confirm the quantitative recovery of cytokines, a
range of known concentrations of recombinant cytokine was added to tissue
homogenates and measured by ELISA. These experiments showed that the
concentrations recovered were not significantly different from those of cytokines
that had been diluted in PBS and assayed in the absence of homogenate.

Flow cytometric analysis. To determine splenic immune cell populations,
single cell suspensions of splenocytes from Csf1°?/CsfI°” and +/CsfI°” mice were
prepared as described above. Cells were incubated with 10 pg of murine IgG per
ml for 15 min on ice to block Fc receptor binding. Subsequently the cells were
stained with various antibodies for 30 min at 4°C. Cells were stained with
phycoerythrin-conjugated anti-CD4 (Caltag, South San Francisco, Calif.) and
fluorescein isothiocyanate-conjugated anti-CD8 (Caltag), anti-pan-NK cells
(Pharmingen), and anti-polymorphonuclear leukocyte (PMN) cells (RB6-8CS
antibody) (Pharmingen). In order to analyze the expression of class IT major
histocompatibility complex (MHC) (Ia) on macrophages, spleen cells were
costained with phycoerythrin-conjugated F4/80 and fluorescein isothiocyanate-
conjugated Ia antigen (Pharmingen) and sorted according to these two param-
eters in a two-color analysis. Isotype-matched antibodies were used as negative
controls. All cell sorting was performed on a FACScan II (Becton Dickinson,
Inc.).

Natural killer cell function assay. The Cyto Tox 96 nonradioactive cytotoxicity
assay (Promega, Madison, Wis.), a colorimetric alternative to the >'Cr release
cytotoxicity assay, was used to study the ability of splenocytes from L. monocy-
togenes-infected mice to lyse target cells. This assay measures lactate dehydro-
genase (LDH), a stable cytosolic enzyme that is released upon cell lysis. A
constant number of target cells (Yacl cells) were added to a 96-well culture plate
followed by various numbers of effector cells added to triplicate sets of wells to
test several effector/target ratios. The effector/target ratios used were 12.5:1,
6.25:1, and 3.12:1. The plate was centrifuged to ensure effector and target cell
contact. After 4 h of incubation at 37°C, the plate was centrifuged, and the
supernatant was tested for LDH release with a coupled enzymatic assay (Pro-
mega), which results in conversion of a tetrazolium salt into a red formazan
product. The amount of color formed is proportional to the number of lysed
cells. The necessary analyses of effector cell-spontaneous, target cell-spontane-
ous, and target cell-maximum LDH release as well as volume correction control
and culture medium control were performed. Spontaneous LDH release did not
exceed 10% of the maximum release as determined by lysis of target cells with
10% Triton X-100. The percentage of specific lysis was calculated as [(experi-
mental - effector spontaneous - target spontaneous)/(target maximum - target
spontaneous)] X 100.

Histology. Periodate-lysine-paraformaldehyde-glutaraldehyde-fixed tissues
were embedded in low-melting-temperature wax as previously described (8).
Five-micrometer sections were stained with hematoxylin and eosin or immuno-
stained with anti-F4/80 rat monoclonal antibody specific for macrophages (24),
anti-Macl (45), or RB6-8C5 anti-Gr 1 antibody specific for neutrophils (49).
Immunoreactive material was detected using a peroxidase detection kit (Vector
Laboratories, Burlingame, Calif.). Sections were also stained with Gram’s stain
(Sigma Diagnostics) for the detection of gram-positive L. monocytogenes.

Isolation of total RNA and competitive-quantitative reverse transcription-
PCR. Total RNA from the spleen and liver tissues of L. monocytogenes-infected
or uninfected Csf1°?/Csf1°” and +/CsfI°” mice was extracted with Trizol (Gibco-
BRL, Gaithersberg, Md.). This RNA was reverse transcribed with Superscript II
RNase H™ reverse transcriptase (RT) (Gibco-BRL) using random primers. As a
negative control, the reaction was performed in the absence of RT.
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FIG. 1. Increased susceptibility of CsfI°?/Csf1°" mice to L. monocytogenes infection. Mice (+/Csf1°? and Csf1°?/Csf1°") were infected with 10*
L. monocytogenes i.v. Groups of infected mice were sacrificed at 1, 24, 48, and 72 h p.i., and the numbers of CFU of L. monocytogenes recovered
from spleen (a) and liver (b) were determined by plating serial dilutions of tissue homogenate on tryptic soy agar plates. In another set of
experiments, either (c) mice were infected with 10° L. monocytogenes cells i.v. or (d) weight-matched (18- to 20-g) mice were challenged with 10*
L. monocytogenes cells i.v. and the CFU from liver and spleen were enumerated. Each data point represents the mean and standard error of the
mean of 8 mice in panels a and b and of 5 mice in panels ¢ and d. The experiment was repeated two times with similar results (*, P < 0.001; =,

P < 0.05; Mann-Whitney U test).

Primers used were IL-10 5 CCAGTTTTACCTGGTAGAAGTGATC, 3’
TGTCTAGGTCCTGAGTCCAGCAGACTCAA, iNOS 5" TGGGAATGGAG
ACTGTCCCAG, 3" GGGATCTGAATGTGATAGTTTG, TNF-a 5" GTTCT
ATGGCCCAGACCCTCACA, and 3" TCCCAGGTATAGGGTTCATACC.
For a positive-control housekeeping gene hypoxanthine-guanine phosphoribosyl
transferase (HPRT), the primers used were 5" GTTGGATACAGGCCAGACT
TTGTTG and 3' GAGGTAGGCTGGCCTATGGCT.

An aliquot of cDNA was amplified by PCR in a reaction mix containing 1.0 U
of Tag Gold (Perkin Elmer, Foster City, Calif.); 1 X PCR buffer; 1.5 mM MgCl,
(Gibco-BRL); 50 uM sense and antisense primers; and 0.2 mM concentration
each of dATP, dTTP, dCTP, and dGTP (Gibco-BRL); to this mixture was added
8.0 pl of competitor, diluted to concentrations ranging from 0.4 to 0.04 ng/ml,
and nuclease-free water was also added to bring the total volume of the mixture
to 50 wl (40). Cycling conditions included initial denaturation at 94°C for 1 min
followed by 34 cycles of 94°C for 40 s, 60°C for 70 s, 72°C for 40 s, and final
elongation at 72°C for 10 min. Tag Gold is inactive at room temperature;
therefore, the samples were heated at 94°C for 12 min before starting the PCR
cycle. Amplified products over the range of competitor dilutions were separated
on 0.8% agarose gels and stained with ethidium bromide.

Reconstitution of mice with IFN-y, CSF-1, or IL-6. CsfI??/CsfI°” mice were
given a single injection of IFN-y (10* IU) (Pharmingen) i.v. 2 h prior to infection
with 10* L. monocytogenes cells, or the mice were given 10° U of CSF-1 sub
cutaneously for 3 days (8) before and during the course of infection with L.
monocytogenes. CFU recovered from tissue homogenates were enumerated at 48
h p.i. In another set of experiments, Csf1??/Csf1°” mice were injected with 12.5
pg of recombinant murine IL-6 (rmIL-6) (R&D System) subcutaneously at days
—1, 0, and +1 of Listeria infection. Csf1°?/CsfI°’ mice injected with saline and
infected with the same titer of L. monocytogenes served as controls. At 48 h p.i.,

mice were sacrificed, and their livers and spleens were removed. Livers were used
for colony counts of Listeria cells and spleens were used for in vitro studies. Liver
homogenates were assayed for viable listeriae as described earlier. Splenocytes
were used to study the production of IFN-y after in vitro stimulation with
HKLM.

Statistical analysis. Numbers of CFU in tissues were compared between
different groups of mice by using the Mann-Whitney U test. Statistical signifi-
cance between the cytokines and chemokines of different groups of mice was
analyzed by Student’s ¢ test.

RESULTS

Increased susceptibility of CsfI°?/Csf1°’ mice to L. monocy-
togenes. Heterozygous controls (+/CsfI°?) and homozygous
mutant (Csf1°?/Csf1°?) mice were infected i.v. with 10* CFU of
L. monocytogenes, and CFUs were determined in the main
infected organs, the liver and spleen. Initial titers in these
organs at 1 h p.i. were similar, showing that the dosage was
comparable despite the ~30% smaller size of CsfI°?/CsfI”
mice. However, the titers in CsfI°?/Csf1°” mice were 1 to 3 logs
higher (P < 0.001, Mann-Whitney U-test) than those detected
in wild-type mice over the 72 h of infection (Fig. 1a, b). This
resulted in a more rapid rate of death of CsfI°?/CsfI°” mice
with 50% viability by 2 to 3 days p.i., relative to 50% viable
mice at 4 to 5 days p.i. for controls (data not shown). A similar
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TABLE 1. F4/80 immunostaining of tissues from +/Csf/?” and
Csf1°?/Csf1°P mice challenged with L. monocytogenes”

Macrophage density” in tissue from strain

Time of
quantitation Liver Spleen
A
®L) +/Csf1°P Csf1°P/Csf1°? +/Csf1°? Csf1°P[Csf1°"

Day 0 ++ + ++ ++

24 h ++++ + +4++++ ++

48 h +++ + ++++ +++

72 h + +++ +++ +++

¢ Tissue sections from uninfected (day 0) and L. monocytogenes-infected (24,
48, and 72 h p.i.) +/Csf1°” and CsfI1°?/CsfI°’ mice were stained with antibody to
macrophage surface marker F4/80.

> Macrophage density was recorded by independent observers semiquantita-
tively on a scale + (lowest) to +++++ (highest). The experiment was repeated
twice with similar results.

differential survival between CsfI°?/CsfI°’ and control mice
was found after infection with 5 X 103, 5 X 10% or 1 X 10°
CFU/mouse (data not shown). Furthermore, even at a suble-
thal dose of 10° CFU, there was a 1- to 2-log difference in
recovered CFU in both liver and spleen tissues of Csf1°?/Csf1°?
mice compared to that recovered in controls over the first 48 h
of infection (Fig. 1c). To ensure that the effects observed were
not due to the small differences in size resulting in a differential
inoculum. weight-matched mice of both genotypes were in-
fected with 10* CFU 1i.v. followed by determination of the
bacterial titers in liver and spleen over the 48 h of infection. In
a similar fashion to that observed in age-matched mice, there
was also a 1- to 3-log-higher bacterial titer in both the livers
and spleens of CsfI°?/CsfI1°” mice than that found in control
mice (Fig. 1d).

The CsfI°? mutation is maintained on a mixed C3H and
C57BL/6 background by interbreeding in a closed colony. To
rule out that future results would be significantly influenced by
the segregation of different strain susceptibilities to L. mono-
cytogenes, inbred C3H and C57BL/6 mice were infected indi-
vidually with 10* CFU i.v., and their viability was followed.
Both strains showed identical kinetics of death at this inoculum
concentration, and these results were indistinguishable from
the viability curve of control (+/Csf1°”) mice (data not shown).
Thus, background effects appeared minimal at this infectivity.
Consequently and given the results described above, 10* CFU
administered i.v. was used for all of the studies in this report.

Delayed macrophage recruitment and aberrant neutrophil
response in Csf1°?/Csf1°” mice. The CsfI°” mutation results in
a depletion of many populations of mononuclear phagocytes.
However, not all populations are affected equally by the mu-
tation, with F4/80™" splenic macrophages relatively unaffected,
while MOMAL1™" splenic macrophages are completely absent
and F4/80™ liver macrophages are significantly depleted (30%
of normal) (8, 35). Therefore, we determined the responses of
splenic and liver macrophage populations after infection in
control and Csf1°?/Csf1°? mice by immunohistochemistry with
anti-F4/80 and Macl antibody as previously described (8). In
the livers of control mice, there was a dramatic increase in
macrophage density within 24 h of infection (Table 1; Fig. 2a),
with changes that persisted for another 24 h (Table 1). In
contrast, in the livers of Csf1°?/Csf1°” mice, there were fewer
F4/80" cells prior to infection, and this population did not
expand over the first 2 days of infection (Table 1; Fig. 2b).
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However, at 72 h p.i. there was a dramatic increase in F4/80™"
cell density (Table 1; Fig. 2d), but at this stage the liver archi-
tecture was already severely disrupted as indicated by numer-
ous lesions (Fig. 2d and f). In the spleens of control mice, there
was also an increase in F4/80" macrophage density at 24 h p.i.,
which decreased to some degree by 72 h (Table 1). In contrast,
in the spleens of Csf1°?/Csf1°F mice, despite the similar starting
population of F4/807 cells (8), there was an absence of recruit-
ment in the first 24 h, and the populations showed little change
in density up to 48 h (Table 1). At this time, spleen architecture
is also severely disrupted (data not shown). Using Macl (45) as
a marker for recruited monocytes, CsfI°?/CsfI°’mice showed a
slower recruitment of monocytes in the spleen through the first
24 h of infection, although by 48 h p.i. significant numbers of
Macl-positive cells could be observed, confirming the data
using F4/80" as a marker (data not shown).

In the livers of infected heterozygous control mice, we ob-
served macrophages associated with few granulocytes and sur-
rounded by lymphocytes (Fig. 2c). In contrast, livers of CsfI?”/
Csf1°? mice contained large leukocytic infiltrates at 24 h
resulting in microabscesses by 72 h (Fig 2d and f). These micro
abscesses harbored numerous gram-positive bacilli, many be-
ing extracellular but some apparently replicating within hepa-
tocytes (Fig. 2g). In control mice, Gram staining revealed few
bacteria, and those that were present were contained within
macrophages (data not shown).

Neutrophils play an important role in the early immune
response to L. monocytogenes and can be identified by histo-
logical analysis and immunostaining with the anti-neutrophil
antibody RB6-8C5 (anti-Gr-1) (49). In the livers of infected
control mice, neutrophils were detected in small foci randomly
distributed throughout the tissue at 24 h p.i. (Fig. 3a and c) but
were largely gone by 48 h. However, numerous microabscesses
were observed throughout the livers of Csf1°?/CsfI°? mice, and
they showed heavy neutrophil infiltration (Fig. 3b and d) that
persisted for the entire infection.

Analysis of splenic immune cell populations. B cells play
only a small role in the immune response to L. monocytogenes
(16). However, most other classes of immune cells have im-
portant roles in the host response to this pathogen. Therefore,
we analyzed the changes in these populations in the spleen at
4, 8, 24, 48, and 72 h p.i. We did not observe any significant
differences between infected control and mutant mice with
respect to the CD4/CDS8 ratio and yd T-cell and NK cell
counts. In contrast, RB6-8C5" neutrophils declined by 48 h
from initially high levels induced by listerial infection in both
control and mutant mice (data not shown).

Macrophage and T-cell interactions are essential for an ef-
fective immune response against L. monocytogenes. Therefore,
we determined T-cell proliferation in response to HKLM.
Upon T-cell stimulation with accessory cells and 107 HKLM,
there was a similar proliferation rate between +/CsflI°” and
CsfI°P/Csf1°P mice, while at 10®° HKLM the proliferation was
suppressed to a comparable extent (Fig. 4a). Specific T-cell
proliferation therefore seemed unaffected by the absence of
CSF-1-regulated macrophage functions.

Early during infection, natural killer cells are an important
source of IFN-y production. To determine if there is any dif-
ference in NK cell activity between +/CsfI°? and CsfI1°?/Csf1°?
mice, splenocytes from these mice were challenged with L.
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FIG. 2. Delayed recruitment of macrophages and loss of tissue integrity in CsfI?/CsfI°’ mice. Liver sections from +/CsfI’ (a and c) and
Csf1°?/CsfI°? mice infected with L. monocytogenes were immunostained at 24 h (a and b) and 72 h p.i. (c and d) using antibody against the
macrophage-specific surface marker F4/80. F4/80" macrophages stain brown with the antibody. Arrows (a and c) indicate foci containing F4/80*
macrophages with granulocytes and lymphocytes in +/CsfI” mice, and arrows (b and d) indicate leukocytic infiltrates leading to microabscess
formation in Csf1°?/CsfI°” mice. (e and f) Sections were also stained with hematoxylin-eosin to show the histology of liver lesions and the extensive
tissue necrosis in Csf1??/Csf1°? mice (f) compared to the relatively normal morphology in +/CsfI°” mice (¢). An arrow (f) shows the boundary of
a typical lesion. (g) Some sections were stained with Gram’s stain to show the enormous number of bacilli (arrows) seen in the liver lesions of
CsfI°P/Csf1°P mice.

monocytogenes and were tested for their ability to lyse Yacl Cytokine production by splenocytes and splenic T cells from
cells. The results showed a similar level of cytotoxic activity of  control and CsfI°?/CsfI°? mice. IFN-vy is a major cytokine in the
NK cells from +/Csf1°? and Csf1°?/Csf1°? at several different host defense to L. monocytogenes, serving to regulate T-cell
effector/target ratios (data not shown). differentiation and to activate macrophages. Therefore, we
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FIG. 3. Massive infiltration of neutrophils leading to microabscess formation following Listeria infection in Csf1°?/CsfI°’ mice. (a through d)

Liver sections from 24- and 48-h-postinfected mice were immunostained with RB6-8C5 antibody to stain neutrophils in tissues. There were fewer

neutrophils in +/CsfI?’ mice (a) compared to the massive accumulation of neutrophils seen in Csf1°?/CsfI’ mice (b). Staining at higher

magnification is shown (c and d) with arrowheads indicating RB6-8C5" neutrophils in +/CsfI°” mice (c) and a typical micro abscess filled with
RB6-8C5™ cells in Csf1°7/Csf1° mice (d). Data shown are from 24 h p.i. Similar results were obtained at 48 h p.i.

measured T-cell production of IFN-y by ELISA upon in vitro
stimulation of purified T cells with HKLM in the presence of
accessory cells, from 48 h and 72 h postinfected mice. T cells
from control mice produced high levels of IFN-y upon stimu-
lation with either 107 (~100 U/ml) or 10% (~330 U/ml) HKLM
(Fig. 4b). This level was significantly (P < 0.001, Student’s ¢
test) reduced to ~30 U/ml in CsfI??/CsfI°” T-cell cultures at
both doses of HKLM. However, similar concentrations of
IFN-y between genotypes were produced in response to the
nonspecific mitogen ConA (Fig. 4b), suggesting that the re-
duced IFN-y production in CsfI°?/CsfI°? mice was specifically
due to a failure of a T-cell response to L. monocytogenes.
IFN-y production was blocked by antibodies to CD4 or CDS8
(Fig. 4c), with the effect of anti-CD4 being greater.

IL-12 is the major cytokine reported to regulate IFN-y dur-
ing listerial infection. Surprisingly, at both 24 and 48 h p.i.,
similar but significant concentrations of IL-12 in splenic ho-
mogenates were detected in both +/CsfI°? and Csf1°?/Csf1°?
mice (Fig. 4d). TNF-a can synergize with IL-12 to enhance
IFN-v synthesis and is important in the immune responses to
L. monocytogenes (51). Therefore, we measured TNF-a in
spleen cell culture medium. However, no differences in syn-
thesis of TNF-a could be detected between +/CsfI?” and
CsfI°P/Csf1°P mice at either 24 or 48 h (Fig. 4e). These data
were confirmed by competitive RT-PCR of splenic RNA using
primers specific for TNF-« (data not shown). More recently it
has been shown that IL-18 has IFN-vy-inducing properties (36).
Splenocytes from both genotypes produced low but similar
concentrations of IL-18 (~100 pg) on in vitro restimulation
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with listerial antigens (Fig. 4f). However, IL-18 levels in re-
sponse to LPS were high and similar in both genotypes (Fig.
4f). Levels of Th2 cytokines known to down-regulate IFN-vy,
IL-4, IL-5, and IL-10 were essentially below the level of detec-
tion in T-cell culture supernatants, and they are thus unlikely
to play a role in down-regulating IFN-y synthesis in Csf1?/
CsfI°? mice. Nevertheless, when splenocytes were tested for
IL-10 production, those from +/CsfI°” mice produced signifi-
cantly higher (P < 0.001, Student’s ¢ test) levels of IL-10 than
those from CsfI°?/Csf1°? mice (Fig. 4g). However, this produc-
tion showed a sharp peak at 12 h p.i., and it was only at this
time that there was a difference or that significant concentra-
tions of IL-10 were detected.

In addition to cytokines, certain chemokines such as MCP-1
and MIP-1a have been reported to be important in the early
response to L. monocytogenes. MCP-1 and MIP-1« are thought
to be important for monocyte/macrophage recruitment. Since
this recruitment appears to be delayed in spleens of Csf1?/
CsfI°? mice, we first measured MCP-1 production in culture
supernatants of splenocytes isolated from infected mice at 8§,
24, and 48 h p.i. and stimulated with 10”7 or 10®* HKLM cells.
No MCP-1 could be detected at 8 and 48 h p.i. in either
genotype (data not shown). However, at 24 h p.i. with +/Csf1??
splenocytes, we observed a robust HKLM-induced synthesis of
MCP-1 at both stimulating doses (Fig. 5a). In CsfI??/CsfI1°?
mice, this production was significantly reduced such that with
10”7 HKLM stimulation, the level was barely above that de-
tected with cells alone, while upon stimulation with 103
HKLM, the concentration was approximately half of that in
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FIG. 4. T-cell proliferative responses and cytokine production in spleens of L. monocytogenes-infected mice. +/CsfI°” (open histograms) and
Csf1°P/Csf1°P (filled histograms) mice were infected i.v. with 10* L. monocytogenes. (a through c) At 48 h p.i., spleens from eight mice were pooled.
T cells were purified from splenocytes as indicated in Materials and Methods. Cells were stimulated in vitro with HKLM (10° or 107) or ConA (2.0
pg/ml) in the presence of ACs. (a) T cells were cultured for 5 days, pulsed with 1 w.Ci of [*H]thymidine for the last 8 h, and harvested, and *H
incorporation was assessed by scintillation counting. Data are presented as mean cpms of thymidine incorporation in triplicate cultures. The results
are representative of two separate experiments. (b) T-cell culture supernatants after 48 h of culture were assessed for IFN-y production (¥, P <
0.001). (c) At48 h p. i., splenocytes from +/Csf1°” mice were cultured with HKLM in the presence of anti-CD4 (<, 1, 5, and 10 pg/ml) or anti-CD8
(G, 1, 5, and 10 pg/ml) or isotype-matched control (OJ, 1, 5, and 10 pg/ml), and IFN-y production after 24 to 48 h was checked in the culture
supernatants. (d and e) Spleen homogenates (eight mice per group) were tested at indicated time points for quantitative measurement of (d) IL-12
and (e) TNF-a. (f and g) Culture supernatants from splenocytes (five mice per group) were restimulated with HKLM or mitogen for measurement
of (f) IL-18 and (g) IL-10 (O, +/Csf1°?; ®, CsfI°’/Csf1°?). In order to study IL-10 production by splenocytes rather than T cells (T cells did not
produce IL-10 in our assays), splenocytes from infected mice were cultured at 4, 8, 12, 24, and 48 h p.i. They were restimulated with HKLM or
LPS. At 12 h p.i.,, splenocytes from +/Csf1°” mice, on restimulation with HKLM (10%), produced significantly (*, P < 0.001, Student’s ¢ test) higher
levels of IL-10 than Csf1°?/CsfI°” mice. IL-10 production upon restimulation with LPS was similar between genotypes (data not shown). All data
shown are means * standard errors of the means of triplicate cultures. Results are representative of three experiments in each panel except panel

¢, where the data are representative of two experiments.

the control mice. In contrast, upon LPS stimulation, similar
levels of MCP-1 were detected for both genotypes, suggesting
a specificity of this response for L. monocytogenes. Levels of a
second macrophage-attracting chemokine, MIP-1a, were low
in both groups of mice at 8 h, but greater production could be
detected at 24 h p.i., and this was significantly higher in het-
erozygous controls than CsfI??/Csfl°? mice (Fig. 5b).

The observed concomitant reduction of IFN-y and MCP-1
in Csf1°P/Csf1°P mice led us to hypothesize that it might be due
to a deficiency in IL-6, a pleiotropic cytokine reported to in-
duce IFNvy and MCP-1 following bacterial infection (5, 31).
Splenocytes from +/CsfI°” mice harvested at either 8 (data not
shown) or 24 h p.i. upon restimulation with HKLM synthesized
very high concentrations of IL-6 (Fig. 5c¢). In contrast, spleno-
cytes from Csf1°?/Csf1°? mice produced small amounts of IL-6
either at 8 (not shown) or 24 h p.i. (Fig. 5c). On stimulation
with LPS, splenocytes from Csf1°?/CsfI°? mice produced sim-
ilar levels of IL-6 to those of control mice (Fig. 5c). Measure-
ment of IL-6 in splenic homogenates confirmed these results
(Fig. 5d). At 8, 24, and 48 h p.i., high concentrations of IL-6
could be measured in control spleens. However, in CsfI%/
Csf1°P spleens at 8 and 24 h p.i., only low concentrations could

be detected, and these were significantly (P < 0.001) below
those of control mice. It is interesting that, by 48 h p.i., splenic
IL-6 concentrations were similar in splenic homogenates from
control and mutant mice (Fig. 5d).

Liver cytokines. Early during the course of iv. listerial in-
fection, most of the pathogen is cleared by Kupffer cells or
hepatocytes of the liver (19, 34, 38, 41). Therefore, we analyzed
cytokine production in this tissue (Table 2). In the liver, the
patterns of cytokine and chemokine expression and their de-
ficiencies in Csf1°?/CsfI°? mice were very similar, although not
identical to those found for splenocytes. Liver homogenates
from +Csf1°? mice contained sixfold higher concentrations of
IFN-vy than homogenates from Csf1°?/Csf1°” mice. The levels
of IL-12 in liver homogenates of the two genotypes however
were similar. Significant concentrations of neither TNF-a nor
IL-18 could be detected in liver homogenates. IL-6 levels in
liver homogenates from +/CsfI°” mice were high (Table 2) but
significantly (P < 0.001, Student’s ¢ test) lower in CsfI°”/Csf1?
mice. The Th2 cytokines IL-4, IL-5, and IL-10 were not de-
tectable in the liver homogenates of either control or Csf1?/
CsfI°? mice (Table 2).

Because liver macrophage recruitment was severely retarded
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FIG. 5. Impaired MCP-1, MIP-1q, and IL-6 production by splenocytes from Csf1°?/CsfI°” mice. Mice were infected i.v. with 10* L. monocy-
togenes cells. Splenocytes were cultured in the presence of HKLM or LPS. Supernatants were collected after 8, 24, and 48 h p.i. MCP-1 (a) and
MIP-1a (b) levels were significantly reduced in Csf1°?/CsfI1° mice (**, P < 0.005, Student’s ¢ test) compared to +/CsfI1°” mice at 24 h p.i. No MCP-1
was detected at 8 and 48 h p.i. Low but similar levels of MIP-1a were detected at 8 h between the two genotypes, and no MIP-1a was detectable
at 48 h. (¢) IL-6 levels in culture supernatants were significantly reduced (*, P < 0.001, Student’s ¢ test) at 24 h p.i. in Csf1°?/CsfI°’ mice compared
to control mice. (d) IL-6 levels in spleen homogenates at 8, 24, and 48 h p.i. are also shown. Significant differences (*, P < 0.001) were observed
at 8 and 24 h p.i. Results from a representative experiment are shown (mean * standard error of mean). Similar data were obtained in three

independent experiments.

in nullizygous mice, we measured concentrations of the che-
mokines MCP-1 and MIP-1« in liver homogenates. The con-
centration at 24 h p.i. of both of these chemokines was
significantly lower in Csf1°?/CsfI°? mice (about sevenfold)
as compared to that of in controls (Table 2). Because of the
abundant accumulation of neutrophils, we determined concen-
trations of the neutrophil chemoattractants KC and MIP-2, the
mouse IL-8 homologues (3). It is interesting that there was no
difference in the concentration of either of these chemokines
between control and mutant mice at 24 and 48 h p.i. (Table 2).
KC and MIP-2 were detected as early as 8 h p.i. at similar levels
in the livers and spleens of both +/Csf1°” mice and CsfI?/
CsfI°? mice (data not shown).

Reduced macrophage activation in Csf1°?/CsfI°’ mice.
IFN-y plays a major role in activating macrophages during
infection with L. monocytogenes. Since IFN-y production was
significantly lower in CsfI°?/CsfI°? mice, the activation state of
splenic macrophages, identified by F4/80 expression, was de-
termined by measuring the surface expression of MHC class II.
The population of F4/80" macrophages was similar in the
spleens of +/CsfI?? and CsfI??/CsfI°? mice (Fig. 6a). This is
consistent with previous results in uninfected animals and has

TABLE 2. Cytokine levels in liver homogenates of +/CsfI°” and
Csf1°?/Csf1°? mice following L. monocytogenes infection”

Cytokine level” in liver homogenate
of mouse strain

Cytokine/chemokine

+/Csf1°r Csf1°?|Csf1P
IFN-vy 115 =10 20 + 2%
TNF-a ND ND
IL-4 ND ND
IL-5 ND ND
IL-6 144 =24 33 + 2%
IL-10 ND ND
IL-12 893 + 135 1,026 + 235"
IL-18 ND ND
MIP-2 702 £ 14 752 £ 20*
KC 736 * 26 800 = 30™
MCP-1 785 £ 65 114 = 14*
MIP-1a 235 £ 25 36 = 3*

“ Mice (8 per group) were infected with L. monocytogenes at 10* cells i.v. Livers
were taken at 24 and 48 h p.i. and homogenized in 2 ml of PBS with 1% Triton.
Tissue homogenates were centrifuged to remove particulate matter. Cytokine
levels in supernatants were quantitated by ELISA.

® Data (mean = SEM) shown for cytokines are from 48-h-p.i. mice; similar
results were obtained at 24 h p.i. Data shown for chemokines are from 24 h p.i.
At 48 h p.i, chemokine levels were low to undetectable. The experiment was
repeated twice with similar results. ND, not detectable; *, statistically different
(P < 0.001, Student’s ¢ test) +, not statistically different.
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FIG. 6. Reduced macrophage activation in CsfI°’/Csf1®” mice. Splenocytes were pooled from five mice each at 24 and 48 h p.i. and were
analyzed (a) for a macrophage surface marker (F4/80) only and (b) for class I MHC expression on the F4/80" macrophages. Data shown are from
48-h-p.i. mice. The experiment was repeated once with similar results. (¢) Quantitative RT-PCR showing another marker for macrophage
activation, iNOS, in RNA isolated from the spleens of infected mice. The point of equivalence of the experimental (lower) compared to competitor
(upper) band is the iINOS message in +/CsfI°” (2.3-ng) and Csf1°?/Csf1°? (0.3-ng) mice. Controls using HPRT showed comparable levels of mRNA
expression between +/CsfI?” and CsfI°’/Csf1°” mice, indicating an equivalent input of mRNA into the assay. The experiment was repeated once

with similar results.

been confirmed by a wide variety of other macrophage markers
(8) and the similar sizes of spleens in these mice (data not
shown). In +/CsfI°” mice at 24 and 48 p.i., F4/80" macro-
phages were activated as assessed by a marked increase in class
II MHC expression (Fig. 6b). However, in CsfI°?/CsfI°” mice,
fewer F4/80" cells showed high MHC class II expression (Fig.
6b), with levels very similar to those of the uninfected control
(data not shown).

NO synthesized by macrophages, hepatocytes, and other
cells is utilized as one mechanism of restricting the replication
of L. monocytogenes. Inducible nitric oxide synthase (iNOS) is
the major enzyme responsible for producing this NO, and
macrophages are its major source after activation (18, 60). In
the spleen, iNOS mRNA expression as assessed by competi-
tive-quantitativeRT-PCR, was significantly (about sevenfold)

lower in CsfI??/CsfI°? compared to that of control mice (Fig.
6¢). Similar differences were found for iNOS mRNA expres-
sion in the liver (data not shown). This result, together with the
finding of reduced MHC class II expression, indicates a relative
failure of these mice to produce appreciable concentrations of
IFN-y.

Reduced bacterial load following CSF-1, IFN-y, and IL-6
treatment of CsfI1°?/CsfI°” mice. Since Csf1°?/Csf1°’ mice are
deficient in CSF-1, we investigated the effectiveness of CSF-1
given immediately before infection and concurrent with it to
confer protection to CsfI1°?/Csf1°? mice from L. monocyto-
genes. CSF-1 was administered subcutaneously at doses that
had previously been established, to elevate circulating concen-
trations to control level (8). This treatment reduced L. mono-
cytogenes burden in both liver (33-fold) and spleen (14-fold)
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TABLE 3. Increased resistance of CsfI’/CsfI°’ mice to
L. monocytogenes following CSF-1, IFN-vy, or IL-6 administration

Mean (+SEM) CFU of L. monocytogenes in‘:

Cytokine

treatment Spleen Liver
CSF-1“
No CSF-1 45 % 10° + 8.9 x 10* 2.6 X 10° + 4.6 X 10°
CSF-1 3.2 X 10* = 3.4 X 10** 7.9 X 10* + 1.0 X 10**
IEN-v?
No IFN-y 3.3 X 10° = 3.9 %X 10° 1.0 X 10° = 5.0 x 10*
IFN-y 4.1 X 10° + 7.9 X 10** 1.2 X 10° £ 2.9 X 10**
IL-6°
No IL-6 Not done 2.0 X 107 = 3.0 X 10°
IL-6 Not done 4.1 X 10° = 6.8 X 10**

@ CsfI°P/CsfI°P mice (six per group) were given CSF-1 for 3 days before
infection with 10* L. monocytogenes. At 48 h. p.i., mice were sacrificed and CFU
recovered from liver and spleen were enumerated.

b Mice were given IFN-y in a single injection (10* TU) i.v. 2 h before infection
with 10* L. monocytogenes. Mice were grouped as in a above. CFU enumeration
was performed as for the CSF-1 group.

¢ Mice were injected with rIL-6 at day —1, 0, and +1 p.i., and CFU recovered
from liver were enumerated 48 h p.i. The experiment was repeated once with
similar results.

4%, P < 0.001, Student’s ¢ test;Not done, spleens were used for in vitro studies.

compared to the saline-treated control group (Table 3). This
result is similar to previously reported data in other wild-type
mice (27).

A major deficiency in the L. monocytogenes-infected Csf17/
Csf1°? mice was the reduced ability to synthesize IFN-y. To
determine whether this is the cause of at least part of the
observed increased bacterial load, these mice were treated with
10* units of IFN-y i.v. 2 h prior to infection with L. monocy-
togenes, and they were sacrificed at 2 days p.. The IFN-y
treatment significantly reduced the L. monocytogenes CFU, by
approximately 1 order of magnitude, in both liver and spleen
(Table 3). Because the IFN-y-inducing cytokines IL-12 and
IL-18 were normal in CsfI°?/Csf1°? mice and because of the
report that IL-6 induces IFN-y production in mice (31), we
treated Csf1°?/CsfI°? mice with IL-6 1 day prior to infection
and daily thereafter. This treatment reduced the bacterial bur-
den by 46-fold in the liver 48 h after infection (Table 3). In the
spleens of mice treated with IL-6, the synthesis of IFN-y by
cultured splenocytes stimulated by either 107 or 10° HKLM
cells was also significantly (P < 0.005, Student’s ¢ test) in-
creased 48 h after infection (Fig. 7). These data confirm that
the low level of IFN-vy synthesis in CsfI1°?/Csf1°” mice resulted
in a failure to activate macrophages to effectively kill L. mono-
cytogenes and that the synthesis of IFN-y was, at least in part,
regulated by IL-6.

DISCUSSION

Macrophages play a central role in host immune response to
L. monocytogenes, representing a major habitat for the bacteria
as well as being major effectors of defense response (26, 32).
Mice homozygous for a recessive null mutation (CsfI??) in the
mononuclear phagocytic growth factor CSF-1 gene have a se-
vere depletion of macrophages, as assayed with a wide variety
of markers and by uptake of India ink (8, 25, 47, 56, 59) in
many organs such as the liver, ovary, testis, and kidney. How-
ever, in other tissues, particularly those associated with the
immune function, such as the spleen, densities of macrophages
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are relatively normal (8, 39). Macrophages can therefore be
divided into two classes, CSF-1 dependent and CSF-1 inde-
pendent, at least as far as their tissue density is concerned.

Immediately following i.v. listerial infection, bacterial titers
in both spleen and liver were similar between each genotype,
but thereafter the rate of infection in both tissues progressed
more rapidly in the CSF-1-null mutant mice, which suggests
that even those macrophages that were present in the spleen
were compromised in their immunological function in the ab-
sence of CSF-1. This view is supported by the proximate treat-
ment of CsfI°?/CsfI°? mice with CSF-1 during the course of
infection, which significantly reduces the bacterial titer in both
spleen and liver in a manner similar to that previously shown
for wild-type mice (27). These data suggest that CSF-1-regu-
lated macrophages are essential in the immune response to L.
monocytogenes. This is consistent with numerous studies impli-
cating macrophages, including those that depleted macro-
phages by chemical means (15, 26, 52).

A caveat to this conclusion is that the CsfI°” mutation is
carried on a mixed C3H and C57BL/6 background, represent-
ing strains that are relatively susceptible and resistant to liste-
rial infection, respectively (10). Unfortunately several attempts
to bring the CsfI°” mutation onto an inbred background have
failed (our unpublished data). Therefore, we chose a bacterial
titer that overcame the small amount of differential resistance
and produced identical rates of mortality in C3H and C57BL/6
mice. Furthermore, the Listeria resistance gene maps to chro-
mosome 2 (Jackson Laboratory, Mouse Genome Informatics
[www.informatics.jax.org]), different from either CSF-1 (chromo-
some 3) or the CSF-1 R (chromosome 18) (Jackson Labora-
tory, Mouse Genome Informatics [www.informatics.jax.org]).
Consequently, under the closed breeding condition of our col-
ony, which has been maintained for 10 years by sibling inter-
mating, there would be independent segregation of the Lis"
from the Csf1°” allelle. While this might increase the variability

B Csfiop/Csflor wio IL-6

Csflop/Csflop w IL-6

IFN-y (Ufml)

107 hkim  Con A

FIG. 7. Recombinant IL-6 treatment of CsfI°?/CsfI°’ mice in-
creases IFN-y synthesis following Listeria challenge. Csf1°?/Csf1°P mice
were injected with 12.5 g of rmIL-6 in saline or with the saline vehicle
alone subcutaneously at days —1, 0, and +1 of Listeria (10* cells i.v.)
infection. At 48 h p.i., splenocytes (5 X 10°/well) were pooled from five
mice and were stimulated in vitro with HKLM or with ConA. After 24
and 48 h, culture supernatants were collected, and IFN-y concentra-
tions were measured by ELISA. Data shown are from 48-h-culture
supernatant. Each bar represents the mean of triplicate values; error
bars, standard errors of mean; *, P < 0.005 by Student’s ¢ test. Results
are representative of two independent experiments.
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of the data, the effect of the Lis” gene is randomly ascribed to
both control and Csf1°?/Csf1°” mice.

Early in listerial infection there is an increase in macrophage
density in the liver and spleen in control but not in Csf1??/
CsfI°? mice. Correlated with this macrophage recruitment in
control mice is the synthesis of the monocyte chemoattractant
chemokines MCP-1 and MIP-1« in both liver and spleen. Both
of these chemokines play an important role in the regulation of
leukocyte trafficking by eliciting directional migration of mono-
nuclear phagocytes to inflammatory foci (21, 43). Csf1°?/Csf1?
mice had a very significantly reduced ability to synthesize
MCP-1 and MIP-la and a concordant inability to recruit
monocytes to sites of infection. MCP-1 interacts with the
CCR2 chemokine receptor while MIP-1a interacts with CCRS
and CCR1 receptors (2). CCR2™/~ mice have defects in the
recruitment of peritoneal macrophages in response to thiogly-
collate, and in in vitro chemotaxis assays, the CCR2 ™/~ leuko-
cytes fail to respond to MCP-1. Furthermore, CCR2™/~ mice
were unable to clear infection by L. monocytogenes (28).
CCRS5-deficient mice are also relatively unable to clear L.
monocytogenes (62). However, this effect was small, and there
appeared to be normal macrophage recruitment to the site of
infection in CCR5-deficient mice. In light of these reports and
our studies, we concluded that a major function for CSF-1-
regulated resident macrophages early in the innate immune
response is the synthesis of MCP-1, thereby recruiting more
potent macrophages to the inflammatory lesion.

During listerial infection of control mice, macrophages are
recruited into the tissue, and the early recruitment of neutro-
phils is regulated in a controlled manner. However, in Csf1?/
CsfI°? mice, there develop numerous microabscesses filled
with neutrophils. The concentrations of the neutrophil che-
moattractant IL-8 homologues KC and MIP-2 are similar in
both control and mutant mice. This strongly suggests a role for
the newly recruited macrophage in regulating the extent of
neutrophil influx. Recently (1), it has been shown that resident
macrophages can play a role in PMN accumulation via IL-10-
inhibiting action on PMN influx. It is interesting that at 12 h
p-i., +/Csf1°? mice produced a peak of IL-10 that was signifi-
cantly higher than the negligible amount found in Csf1°?/Csf1°?
mice. The absence of IL-10 at 12 h could partially explain the
massive neutrophil influx in these mice. The IL-10 is likely to
be macrophage derived because of its absence in CsfI°?/Csf1?
mice and the failure to detect IL-10 in T-cell assays.

The pleiotropic cytokine IL-6 is produced by a variety of cell
types and is an important factor in host defenses to Listeria
infection. Administration of anti-IL-6 antibody to mice in-
creases numbers of bacteria in various organs following Listeria
infection, and mice homozygous for a null mutation in the IL-6
are highly susceptible to this infection (12). IL-6 synthesis is
almost undetectable in CsfI°?/Csf1°? spleens and livers early in
infection, in contrast to the large amounts synthesized in con-
trol mice. In liver, Kupffer cells (liver macrophages) are the
main producers of IL-6 (20). These cells are severely depleted
in CsfI°?/CsfI°? mice, providing an explanation for the low
IL-6 synthesis in the liver, but in spleen, where macrophage are
normal, this depletion suggests a CSF-1-regulated macrophage
function.

IL-6 is a potent inducer of MCP-1 expression and is secreted
by primary peripheral blood mononuclear cells (5) and brain
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macrophages (7). The low IL-6 levels following infection of
Csf1°P/Csf1°? mice, together with the reduced numbers of
Kupffer cells in these mice, could result in the lower MCP-1
synthesis observed in mutant mice. IL-6 also influences the
oxidative burst and degranulation capacity of human neutro-
phils. Thus, the low IL-6 levels in CsfI°?/CsfI°” mice could
result in neutrophils that are less efficient in killing the Listeria
cells. This is also consistent with recent data showing that the
early neutrophil response should be superceded by a mononu-
clear phagocytic influx for effective clearance of Listeria cells
and the avoidance of massive tissue damage (14). However,
this is the first report implicating CSF-1 rather than the more
conventional granulocyte-macrophage CSF in such neutrophil
responses (17, 42).

The other major deficiency in the immune response of
Csf1°P/Csf1°P mice to Listeria infection is in the production of
IFN-y predominantly by CD4 but also by CD8 T cells, even
though T cells from mutant mice were present in comparable
numbers and could respond to HKLM in proliferation assays
similarly to T cells from control mice. Also similarly, IFN-y
concentrations in liver homogenates, where IFN-vy is probably
synthesized by NK cells, were significantly reduced in Csf1?/
Csf1°P mice compared to their heterozygous counterparts. The
deficiency in IFN-y was reflected in the reduced activation of
macrophages as shown by reduced class II MHC and iNOS
expression in Csf1°?/Csf1°? mice compared to that in control
mice. The reduced IFN-y was at least in part responsible for
the increased susceptibility of CsfI??/CsfI°” mice to this bac-
terial pathogen, because treatment of these mice with IFN-y
resulted in a significantly lower bacterial load in both spleen
and liver. Indeed, the importance of IFN-y in the host re-
sponse has been shown by a number of methods including
analyses of the sensitivity of IFN-y~/~ mice to L. monocyto-
genes (13, 23).

IL-12 and IL-18 are thought to be the major inducers of
IFN-y. Consequently, neutralization of IL-12 decreases resis-
tance to Listeria infection (50), and IL-12 nullizygous mice are
significantly more susceptible to sublethal doses of Listeria cells
than are wild-type mice (6). It is interesting that we detected
high but similar concentrations of IL-12 and IL-18 in CsfI°?/
Csf1°? and control spleen and liver homogenates. Conse-
quently, neither IL-12 nor IL-18 seemed to be responsible for
the difference in IFN-y synthesis between these mice. This is
interesting since NK cells and T cells, the targets of IL-12,
showed normal numbers and cytotoxic and proliferative re-
sponses, respectively, in CsfI°?/CsfI°? mice. However, these
cells appeared to be unable to synthesize IFN-vy at levels found
in control mice, suggesting that there must be a cofactor or
regulatory molecule required for IFN-y synthesis that is miss-
ing in CsfI°?/CsfI°P mice.

IL-6 produced early during infection can directly or indi-
rectly induce IFN-y production by activated T cells (31). To
determine the role of IL-6 in our model system, we adminis-
tered IL-6 to CsfI°?/CsfI°” mice before and during the subse-
quent infection. This resulted in a substantial decrease in bac-
terial burden in the liver and a significant elevation in the
ability of splenocytes to synthesize IFN-y. Our results support
the conclusion of Liu et al. (31), but they are in contrast to
those observed in IL-6-nullizygous mice that had normal IFN-y
production and macrophage activation following L. monocyto-
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genes infection (12). However, our data strongly argue that
IL-6 synthesis is a central component of the CSF-1-regulated
response to listerial infection and that IL-6 is necessary for
IFN-y production. IL-12 plays a central role in the develop-
ment of IFN-y secreting Th1 cells in response to L. monocy-
togenes (22, 30, 33, 51). Since IL-12 is required for the induc-
tion of IFN-y and, given its concentration, is not reduced in
Csf1°P/Csf1°P mice, our data suggest a role for IL-6 as a cofac-
tor for IL-12 induction of IFN-vy.

In conclusion, this study has demonstrated the central role
of CSF-1-regulated macrophages, particularly resident macro-
phages in the immune response to L. monocytogenes. In the
absence of CSF-1, monocytes are not recruited to sites of
infection to replace the neutrophils that were attracted early in
the response. Instead, neutrophils become concentrated in mi-
croabscesses but are insufficient to control the infection, which
becomes rampant in hepatocytes and throughout the spleen.
The lack of monocyte recruitment appeared to be due to a
failure by resident macrophages to synthesize the chemokine
MCP-1. Without this macrophage recruitment, neutrophil
egress was not observed, probably because of the absence of
macrophage-derived IL-10. The Listeria infection in the CSF-
1-nullizygous mice was also characterized by a significantly
reduced ability to synthesize IFN-y that results in poor mac-
rophage activation and an inadequate Thl response. IL-6, a
cytokine that has been shown in other circumstances to regu-
late both IFN-y and MCP-1 synthesis, is produced at only very
low levels in CsfI1°?/Csf1°? mice compared to control mice.
Administration of IL-6 not only dramatically reduced bacterial
burden in Csf1°?/Csf1°? mice but also induced IFN-y produc-
tion. Thus, IL-6 appears to be a central player in the CSF-1
regulation of the immune response to L. monocytogenes.
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