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Endogenous Interleukin-10 Is Required for Prevention of a
Hyperinflammatory Intracerebral Immune Response in
Listeria monocytogenes Meningoencephalitis
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To analyze the role of interleukin-10 (IL-10) in bacterial cerebral infections, we studied cerebral listeriosis
in IL-10-deficient (IL-10~/~) and wild-type (WT) mice, the latter of which express high levels of IL-10 in both
primary and secondary cerebral listeriosis. IL-10~/~ mice succumbed to primary as well as secondary liste-
riosis, whereas WT mice were significantly protected from secondary listeriosis by prior intraperitoneal
immunization with Listeria monocytogenes. Meningoencephalitis developed in both strains; however, in IL-
10~/~ mice the inflammation was more severe and associated with increased brain edema and multiple
intracerebral hemorrhages. IL-10~'~ mice recruited significantly increased numbers of leukocytes, in partic-
ular granulocytes, to the brain, and the intracerebral cytokine (tumor necrosis factor, IL-1, IL-12, gamma
interferon, and inducible nitric oxide synthase) and chemokine (crg2/IP-10, RANTES, MuMig, macrophage
inflammatory protein 1o [MIP-1a], and MIP-13) transcription was enhanced compared to that in WT mice.
Despite this prominent hyperinflammation, the frequencies of intracerebral L. monocytogenes-specific CD8* T
cells were reduced and the intracerebral bacterial load was not reduced in IL-10~/~ mice compared to WT
mice. Following intraperitoneal infection, IL-10~/~ mice exhibited hepatic hyperinflammation without better
bacterial clearance; however, in contrast to the mice with cerebral listeriosis, they did not succumb, illustrating

that intrinsic factors of the target organ have a strong impact on the course and outcome of the infection.

Bacterial infections of the central nervous system (CNS) are
associated with a high mortality. The poor prognosis of cere-
bral bacterial infections is explained by several factors includ-
ing the limited capacity of the brain for regeneration and the
impaired protective immune responses in the subarachnoid
space, to which low levels of complement contribute. In addi-
tion, intracerebral (i.e.) immune responses to offending patho-
gens may also damage brain tissue.

One bacterium capable of inducing meningitis, encephalitis,
and brain abscess is Listeria monocytogenes. In murine cerebral
listeriosis the bacterium has a striking affinity for the highly
vulnerable structures of the brain stem (45). In the brain,
choroid plexus epithelial cells, ependymal cells, neurons, and
macrophages are the target cells of L. monocytogenes (45).
Inevitably, infected mice succumb to a progressive meningo-
encephalitis despite mounting a strong i.c. immune reaction.
Active systemic immunization with L. monocytogenes prior to
i.c. infection improves the clinical course of CNS listeriosis and
significantly reduces mortality (48). This protection is medi-
ated by CD4" and CD8" T cells and is associated with aug-
mented i.c. tumor necrosis factor (TNF), gamma interferon
(IFN-v), and interleukin-1p (IL-18) production. In addition,
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increased amounts of IL-10 mRNA are produced in immu-
nized mice compared to nonimmunized mice (48).

IL-10, which is produced by a variety of cells including mac-
rophages, B cells, subsets of CD4" and CD8" T cells, and
resident brain cell populations including microglia, choroid
plexus epithelial cells, and even neurons, has a strong immu-
nosuppressive capacity (7, 10, 12, 32, 47). IL-10 synthesis is not
confined to murine cerebral listeriosis but also occurs in more
than 95% of all human bacterial CNS infections (12, 51). Func-
tionally important, IL-10 released into the cerebrospinal fluid
during cerebral listeriosis interferes with killing of L. monocy-
togens by IFN-y-stimulated peritoneal macrophages in vitro
(12). Whereas these data suggest a potentially deleterious role
of IL-10 in cerebral listeriosis, other models of viral, protozoal,
and bacterial infections have pointed out that the regulatory
immunosuppressive properties of IL-10 are required to pre-
vent pathological immune responses (13, 18, 29). Thus, one
might speculate that the regulatory activity of IL-10 may be
necessary to avoid overshooting of the immune response in
cerebral listeriosis.

The aim of the present study was to clarify the functional
role of IL-10 in murine cerebral listeriosis. Here we show that
endogenous IL-10 is required to prevent immunopathology
characterized by hyperinflammation and brain tissue destruc-
tion in murine cerebral listeriosis. In the absence of IL-10
(IL-10~"" mice) the protective effect of active systemic immu-
nization on the survival of cerebral listeriosis was completely
abrogated although control of bacteria was unimpaired. In
systemic listeriosis, hepatic disease was characterized by the
same findings; however, IL-10~/~ mice did not succumb to the
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infection, illustrating that intrinsic features of the infected or-
gan strongly influence the outcome.

MATERIALS AND METHODS

Animals. Breeding pairs of C57BL/6 IL-10~/~ mice (five backcrosses to
C57BL/6 mice) were obtained from H. Mossmann (Freiburg, Germany). The
colony was maintained by intercrossing male IL-10~/~ and female heterozygous
offspring. Offspring were tested by PCR of tail DNA for the presence of an intact
IL-10 gene. C57BL/6 wild-type (WT) mice were obtained from Harlan-Winkel-
mann (Borchen, Germany). Mice aged 6 to 10 weeks were used for the experi-
ments.

Infectious organisms. L. monocytogenes (serovar 1/2a, EGD, SLCC 5835) was
grown in tryptose soy broth, and aliquots of log-phase cultures were stored at
—80°C. For each experiment, L. monocytogenes was thawed from the stock
solution and diluted appropriately in sterile pyrogen-free phosphate-buffered
saline (PBS) (pH 7.4). The percentage of viable L. monocytogenes cells recovered
from the frozen stocks always exceeded 95%. For each experiment, the bacterial
dose used for infection was controlled by plating an inoculum on tryptic soy agar.

Experimental procedures. For i.c. infection, 10? L. monocytogenes cells in 30 pl
of PBS were injected into the right caudate nucleus of mice deeply anesthetized
with methoxyflurane. For primary systemic infection as well as for immunization
of mice 14 or 28 days prior to either i.c. or intraperitoneal (i.p.) challenge, mice
were injected i.p. with 10* L. monocytogenes cells in 200 w1 of PBS. For systemic
challenge, mice received 10° L. monocytogenes i.p. At the indicated days posti-
noculation (p.i.), mice were perfused intracardially with 0.9% saline in methoxy-
flurane anethesia. For flow cytometry analysis of brain-derived and liver-derived
leukocytes, organs were passed through a 100-mesh stainless steel sieve and
leukocytes were separated by Percoll gradient centrifugation (Amersham-Phar-
macia, Freiburg, Germany) as described previously (47). For determination of
the bacterial load in the liver and brain, tissues were homogenized with tissue
grinders. Tenfold serial dilutions of the homogenate were plated on tryptose soy
agar. Bacterial colonies were counted after incubation at 37°C for 24 h. For
immunohistochemistry on frozen sections, reverse transcription-PCR (RT-PCR)
analysis and RNase protection assays (RPA), brains and livers of three to six
animals per group were dissected and blocks were mounted on thick filter paper
with Tissue-Tek O.T.C. Compound (Miles Scientific, Naperville, Ill.), snap-fro-
zen in isopentane precooled on dry ice, and stored at —80°C. For histology on
paraffin sections, mice were anesthetized and perfused with 4% paraformalde-
hyde in PBS. The brains and livers were removed and fixed with 4% parafor-
maldehyde for 24 h.

Histopathology. Immunohistochemistry was performed on frozen sections as
described previously (47). In brief, the sections were stained by an indirect
immunoperoxidase method using rat anti-mouse CD45 (clone M1/9.3.4.HL.2),
CD4 (clone G.K.1.5.), CD8 (clone 2.43), B220 (clone RA3-3A1/6.1), and Ly6-G
(clone RB6-8C5) as primary antibodies and peroxidase-linked sheep anti-rat
immunoglobulin G (IgG) F(ab’), (Amersham-Pharmacia) as the secondary anti-
body. In addition, the avidin-biotin complex technique using rat anti-mouse
F4/80 (clone F4/80) and major histocompatibility complex (MHC) classes 1
(clone M1/42.3.9.8HLK) and II (I-A™%4, clone M5/114.15.2) as primary antibod-
ies, biotinylated mouse serum-preadsorbed mouse anti-rat IgG F(ab’), (Dianova,
Hamburg, Germany) as the secondary antibody, and streptavidin-biotin complex
(Dakopatts, Hamburg, Germany) was employed. Paraffin sections (4 pum) were
stained with hematoxylin and eosin (H&E), cresyl violet, luxol fast blue, and
periodic acid-Schiff stain (PAS). L. monocytogenes was demonstrated immuno-
histochemically by incubating deparaffinized sections with a polyclonal rabbit
anti-L. monocytogenes antiserum (Difco, Freiburg, Germany) followed by per-
oxidase-labeled goat anti-rabbit IgG F(ab’), fragments (Dianova). Peroxidase
reaction products were visualized using 3,3'-diaminobenzidine and H,O, as
cosubstrates. Sections were lightly counterstained with hemalum.

Quantitative t and phenotypic characterization of cerebral and
hepatic leukocytes. Brain- and liver-derived leukocytes were analyzed by double
immunofluorescence staining followed by flow cytometry as described previously
(47). Murine microglia and macrophages were identified by staining with anti-
CD45 (LAC)-biotin (Becton Dickinson, Heidelberg, Germany) and anti-F4/80-
fluorescein isothiocyanate FITC (Alexis Biochemicals, Grinberg, Germany) fol-
lowed by avidin-PE/Cy5 (Biozol, Freising, Germany). Inflammatory leukocytes
recruited to the brain are CD45M2" F4/80~, macrophages are CD45"€" F4/80*,
and microglia are CD45'°% F4/80*. CD4* and CD8" T lymphocytes were
stained with rat anti-mouse-CD4 followed by goat anti-rat—-phycoerythrin (Bio-
zol) and anti-CDS8-FITC (Becton-Dickinson). B lymphocytes were detected by
staining with anti-CD45R (B220)-FITC (Becton Dickinson) and anti-CD45
(LCA)-biotin (Becton-Dickinson) followed by avidin-phycoerythrin/Cy5. Gran-
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ulocytes were stained with anti-Ly6-G (GR-1) followed by goat anti-rat-PE and
F4/80-FITC. Granulocytes were defined as Ly6-G™ F4/80~. Control staining
included incubation of brain-derived leukocytes with unlabeled or fluorochrome-
labeled isotype-matched control antibodies. Flow cytometry was performed on a
FACScan instrument (Becton-Dickinson, Heidelberg, Germany), and the data
were analyzed with Cell Quest Software (Becton-Dickinson).

Detection of cytokine mRNA by RT-PCR. IL-10, IFN-y, TNF, IL-1B, IL-12p40,
IL-15, inducible nitric oxide synthase (iNOS), crg-2/IP-10, MuMig, monocyte
chemotactic protein 1 (MCP-1), RANTES, macrophage inflammatory protein 1o
(MIP-1a), and MIP-1B mRNA transcript and hydroxyphosphoribosyltransferase
(HPRT) mRNA expression was analyzed in brain and liver tissue homogenates
by a protocol described in detail previously (6). Primer and probe sequences for
cytokines and HPRT were as published previously (6, 47); those for chemokines
were as follows: crg-2/IP-10, 5'-CCACGTGTTGAGATCATTGC-3’ (sense), 5'-
GCTTACAGTACAGAGCT AGG-3’ (antisense), and 5'-TGTGATGGACAG
CAGAGAGC-3" (probe); MuMig, 5'-GAGGAACCCTAGTGATAAGG-3’
(sense), 5'-GTAGTCTTCCT TGAACGACG-3' (antisense), and 5'-CCTGCCT
AGATCCGGACTCG-3' (probe); MCP-1, 5'-AGAGAGCCAGACGGAGGA
AG-3' (sense), 5'-GTC ACACTGGTCACTCCTAC-3' (antisense), and 5'-GA
GAGAGGTCTGTG CTGACC-3' (probe); RANTES, 5'-GGTACCATGAAG
ATCTCTGC-3" (sense), 5'-GGGTCAGAATCAAGAAACCC-3' (antisense),
and 5'-CTCTC CCTAGAGCTGCCTCG-3' (probe); MIP-1a, 5'-CCTGCTCA
ACATCATGA AGG-3' (sense), 5'-GAATTGGCGTGGAATCTTCC-3" (anti-
sense), and 5'-TCTGTACCATGACACTCTGC-3" (probe); and MIP-1B, 5'-G
CAGCTTCACA GAAGCTTTG-3' (sense), 5'-TCTCAGTGAGAAGCATCA
GG-3' (antisense), and 5'-CAGACAGATCTGTGCTAACC-3" (probe). PCR
amplifications were performed in the linear range of amplification. Quantitation
of RNA was performed with a densitometer (Biometra, Gottingen, Germany).
The relative intensity of the autoradiographic bands for each cytokine and
chemokine was related to the intensity of the autoradiographic band obtained for
the internal control, HPRT. The results were expressed as x-fold increases over
mRNA levels for the various cytokines and chemokines in the noninfected
control animals of the same strain.

RPA. Total RNA was isolated from the brain and liver by a commercially
available RNA isolation kit (Pharmingen). For RPA, a chemokine multiprobe
RPA kit (mCK-5b; Pharmingen) was used as specified by the manufacturer.
[«-*?P]JUTP was obtained from ICN (Meckenheim, Germany). Reaction prod-
ucts were detected with an imaging plate (Raytest, Straubenhardt, Germany) and
a phosporimager.

ELISPOT assay. The frequency of L. monocytogenes p60-specific CD4™" T cells
and L. monocytogenes-specific CD8™" T cells was determined in an IFN-y-specific
enzyme-linked immunospot (ELISPOT) assay as described in detail previously
(14). On day 3 after challenge, leukocytes were isolated from the brain or liver.
Freshly isolated leukocytes (10°/well) were cocultured with different types of
antigen-presenting cell (APC) for the selective detection of L. monocytogenes-
specific CD4" and CD8* T cells in nitrocellulose-backed 96-well microtiter
plates coated with rat anti-mouse IFN-y monoclonal antibody (MAb). CD4* T
cells specific for L. monocytogenes p60 were detected in the presence of nonim-
mune syngeneic spleen cells (4 X 10°/well), which had been preloaded with 5 pg
of purified L. monocytogenes p60 per ml for 4 h (14). CD8" T cells specific for
L. monocytogenes were measured in the presence of L. monocytogenes-infected
1C21 cells (H-2%). IC21 cells were infected with L. monocytogenes at a multiplicity
of infection of 10 for 60 min. Thereafter, extracellular bacteria were killed by
addition of gentamicin (5 wg/ml). To control for the specificity of lymphocytes
activated by CD4 and CDS8 target cells, 1 X 10° CD4™ T cells or 5 X 10* CD8*
T cells purified from the spleens of WT mice, which had been infected with L.
monocytogenes 14 days earlier, were added to either 10° L. monocytogenes-
infected IC21 cells or 10° p60-loaded splenic APC. CD4* and CD8* T cells were
purified by magnetic activated cell sorting (MACS; Milteny, Bergisch Gladbach,
Germany). Spleen cells were stained with either FITC-labeled rat anti-mouse
CD4 or FITC-conjugated rat anti-mouse CDS8 antibodies and separated after
secondary labeling with paramagnetic microbeads coupled with mouse anti-FITC
isomer 1 antibody (Milteny), applying the standard positive selection protocol
provided by the manufacturer. The purity of separated T-cell populations was
always between 80 and 90% as controlled by flow cytometry. All ELISPOT assay
plates were incubated overnight and developed with biotin-labeled rat anti-
mouse IFN-v, peroxidase-conjugated streptavidin, and aminoethylcarbazole dye
solution. The frequency of antigen-specific cells was calculated as the number of
spots per leukocytes seeded.

Statistics. Survival rate, bacterial load, number of inflammatory leukocytes in
the brain and liver, and frequencies of L. monocytogenes-specific CD4" and
CDS8™ T cells were compared between IL-107/~ and TL-10"/* mice. For statis-
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FIG. 1. (A) Survival rates of nonimmunized and immunized IL-10~/~ and WT mice. Ten mice per experimental group were infected i.c. with
107 L. monocytogenes. Immunized animals were infected i.p. with 10* L. monocytogenes 28 days prior to i.c. challenge. Similar results were obtained
in four repeat experiments and for mice immunized 14 days prior to cerebral challenge. (B) Bacterial load of nonimmunized and immunized
IL-107/~ and WT mice after i.c. infection. At each time point after infection, four to six mice per experimental group were analyzed, except for
the group of i.c.-infected immunized IL-10~/~ mice, of which only one had survived by day 5 p.i. Data represent the mean and standard deviation
of each group. ¥, deceased. The results of one of three experiments, which yielded similar results, are shown.

tical evaluation of these parameters, the x> test and Student’s ¢ test were used.
P < 0.05 was accepted as indicating significance.

RESULTS

Bacterial replication and survival rates. Following i.c. ap-
plication of 10 L. monocytogenes, all IL-10~'~ and WT mice
succumbed to the disease before day 5 p.i. (Fig. 1A). The
survival of WT mice after systemic immunization was signifi-
cantly increased compared to that of nonimmunized WT mice
(P < 0.05), whereas immunization did not increase the survival
rate of IL-107/~ mice ( P < 0.05).

To analyze whether the more severe course of cerebral lis-
teriosis of IL-10"/~ mice was due to an impaired control of L.
monocytogenes, the i.c. bacterial load was determined (Fig.
1B). In nonimmunized IL-10~/~ and WT mice, the i.c. bacte-
rial load increased from days 1 to 3 p.i. (P < 0.01 for both
groups of mice) and the bacterial titers did not differ signifi-
cantly between IL-10~/~ and WT mice (P > 0.05). In both
groups of immunized mice, bacterial titers also increased from
days 1 to 3 p.i. From days 3 to 5 p.i., immunized WT mice
showed a significantly reduced i.c. bacterial load (P < 0.05),
and the bacterial titers in the single surviving IL-10~/~ mouse
were also reduced on day 5 p.i. Thus, these experiments did not
reveal significant differences for the kinetics and numbers of L.
monocytogenes cells between IL-107/~ and WT mice; there-

fore, the death of immunized IL-10"/~ mice cannot be attrib-
uted to an impaired control of i.c. L. monocytogenes.
Histopathology. To assess the cause of death in immunized
IL-10~'~ mice, a detailed histopathological analysis was per-
formed. Nonimmunized IL-10~/~ and WT mice developed an
ultimately fatal encephalitis and ventriculitis, which was even
more severe in IL-10~'~ mice (Fig. 2A, C, E, and G). Whereas
bacterium-associated infiltrates were circumscribed in WT
mice and peaked on day 3 p.i. (Fig. 2B, D, F, and H), inflam-
mation was much more severe in IL-10~/~ mice, with leuko-
cytes diffusely flooding the brain parenchyma (Fig. 2C and E).
The number of inflammatory leukocytes, in particular granu-
locytes, was increased in immunized IL-10~/" mice. Further-
more, microglial activation was more prominent and more
widespread in IL-10"/~ mice, as evidenced by a generalized
MHC class II antigen induction (Fig. 2I and L). In contrast,
microglial activation was largely confined to the periventricular
parenchyma in the vicinity of bacterium-associated inflamma-
tory infiltrates in WT mice (Fig. 2K and M). Interestingly,
IL-10~'~ mice developed multiple petechial hemorrhages, pre-
dominantly in the periventricular parenchyma, including the
periaqueductal grey matter of midbrain and pons, as well as
within large fiber tracts (Fig. 2G), which showed marked vac-
uolation, a hallmark of brain edema, and, interestingly, were
also heavily infiltrated by inflammatory cells, in particular
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granulocytes and macrophages (Fig. 2G). In addition, cortical non-immunized
neurons were damaged. Together with prominent ventricular *

hemorrhages, these changes were severe enough to cause the w‘C_J
death of IL-10~/~ mice. In contrast, i.c. hemorrhage was not -
observed in immunized WT mice and edema with neuronal £
damage was also much less severe in these animals (Fig. 2H). 5
However, some WT mice also developed a necrotizing brain B
stem encephalitis, which is consistent with a survival rate of +8
65% in WT mice. S
Quantitation and characterization of inflammatory infil- d:ys o

trates. To quantitatively assess the hyperinflammatory reaction
in the L. monocytogenes-infected brains of IL-10"/~ mice, the

number of i.c. leukocytes was determined. On day 3 p.i., both & 4- immunized

nonimmunized and immunized IL-10~/~ mice showed signifi- e * i o™ total leukocytes
cantly increased numbers of i.c. CD45™" leukocytes compared — 3+ '

to WT mice (Fig. 3, P < 0.05). Further phenotyping of i.c. = EIWT, total leukocytes
leukocytes by flow cytometry revealed that granulocyte levels S 24 M granulocytes

were particularly increased in nonimmunized and immunized %

IL-10~'~ mice compared to WT mice (Fig. 3). In contrast, +<°(’ 1

other cell populations including macrophages, B cells, and 9 0- Thd

CD4" and CD8" T cells did not differ significantly between

days p.i. 1 3 5
IL-10~/~ and WT mice (data not shown). aysp

To analyze whether the number of i.c. L. monocytogenes-
specific CD4" and CD8" T cells was regulated by IL-10, an
ELISPOT assay was developed which allows the selective ex
vitro quantification of the frequencies of L. monocytogenes-
specific CD4" and CD8" T cells. These experiments, which
were performed with WT mice, revealed that MACS-isolated
splenic CD8" T cells of L. monocytogenes-infected mice re-
acted with L. monocytogenes-infected 1C21 cells but not with
p60-loaded syngenic splenic APC (Fig. 4A). Conversely, puri-
fied L. monocytogenes-immune CD4™ T cells reacted selec-
tively with p60-loaded spleen cells. Thus, L. monocytogenes-
infected IC21 cells served as a target for CD8™ T cells while
p60-loaded splenic APC are a target for CD4™ T cells.

To compare the frequencies of L. monocytogenes-specific
CD4" and CD8" T cells in IL-10~/~ and WT mice, we focused
on immunized mice on day 3 p.i., since a strong L. monocyto-

FIG. 3. Flow cytometric analysis of leukocytes recruited to the
brain. In each experiment, the brains of three mice per experimental
group were pooled. Leukocytes were isolated by density centrifugation
and counted, and the percentage of LCAMe" Jeukocytes was deter-
mined by flow cytometry. The data show the mean number of LCAhieh
leukocytes per brain and the standard deviation of two independent
experiments. LCA!®Y brain resident microglial cells were not included.
The asterisks indicate that IL-107/~ mice had significantly increased
numbers of inflammatory leukocytes compared to the respective group
of WT mice; the dagger indicate deceased animals; nd, not done.

genes-specific T-cell response can be expected at this stage of
infection in the absence of significant mortality. These exper-
iments revealed that the frequency of L. monocytogenes-spe-
cific CD8" T cells was significantly reduced in IL-10~/~ mice
compared to WT mice (P < 0.05) whereas the frequency of L.

FIG. 2. Histopathological findings in the L. monocytogenes-infected CNS of nonimmunized and immunized IL-10~~ and WT mice. (A)
Numerous bacteria in the grossly enlarged fourth ventricle (X) of an immunized IL-10~/~ mouse on day 3 p.i. The ventricular wall has been largely
destroyed, and many bacteria have invaded the periventricular brain stem parenchyma (arrows). Anti-L. monocytogenes immunostaining; magni-
fication, X80. (B) Brain of an immunized WT mouse on day 3 p.i. Bacteria are confined to the lumen of the ventricular system, and the third
ventricle is of normal size. Anti-L. monocytogenes immunostaining; magnification, X80. (C) Large numbers of CD45" leukocytes are scattered
throughout the brain parenchyma in an immunized IL-10~/~ mouse on day 3 p.i. X indicates the tissue adjacent to the lateral ventricle. Anti-CD45
(LCA) immunostaining; magnification, X42. (D) On day 3 p.i., which corresponds to maximal disease activity, leukocytic infiltrates are less
prominent in the brain of an immunized WT mouse than in the brains of IL-10~/~ mice (C). Anti-CD45 immunostaining; magnification, x42. (E)
Purulent exudate (*) and numerous leukocytes in the enlarged fourth ventricle (X) of an immunized IL-10~/~ mouse on day 5 p.i. Destruction of
the ependyma which is infiltrated by leukocytes is evident (arrowheads). Arrows point to parenchymatous infiltrates. Cresyl violet and luxol fast
blue staining; magnification, X42. (F) In contrast to the situation in IL-10~~ mice (E), disease activity has declined in immunized WT mice on
day 5 p.i. Residual small infiltrates in the fourth ventricle are shown (arrowheads). The ependyma is largely intact (arrows), and infiltrates are
largely absent from the periventricular tissue, except for small perivascular cuffs. Cresyl violet and luxol fast blue staining; magnification, X42. (G)
Multiple hemorrhages (arrows) in the corpus callosum in close association with numerous leukocytes in an immunized IL-10~/~ mouse on day 5 p.i.
H&E staining; magnification, X83. (H) In contrast to the situation in IL-10~/~ mice (G), there are only small infiltrates (arrowheads) in the corpus
callosum of an immunized WT mouse on day 5 p.i. Note the absence of hemorrhages. H&E staining; magnification, X83. (I) Marked activation
of microglia (arrowheads) in the frontal cortex of a nonimmunized IL-107/~ mouse on day 3 p.i. Anti-I-A immunostaining; magnification, X83.
(K) Weak activation of single microglial cells in the brain of a nonimmunized WT mouse, as evidenced by induction of MHC class II antigens
(arrowheads), on day 3 p.i. Anti-I-A immunostaining; magnification, X83. (L) Prominent expression of MHC class II antigens on microglia in the
frontal cortex of an immunized IL-10~/~ mouse on day 3 p.i. Anti-I-A immunostaining; magnification, X83. (M) In contrast to the situation in
IL-10"'" mice (L), MHC class II antigens are largely confined to blood vessel endothelial cells (arrows) and are only rarely induced on cortical
microglia (arrowhead) in an immunized WT mouse on day 3 p.i. Anti-I-A immunostaining; magnification, X83. Panels A to D and I to M had slight
counterstaining with hemalum.
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FIG. 4. Specificity of inflammatory T cells in L. monocytogenes-
infected organs. (A) Antigen presentation by CD4 (syngenic spleen
cells plus p60 protein) and CD8 (L. monocytogenes-infected 1C21 cells)
target cells was controlled with purified CD4" and CD8" T cells
isolated from L. monocytogenes-infected WT mice 14 days p.i. Results
are shown as the percentage of reactive CD4" (open bars) and CD8*
(black bars) T cells. (B) IL-10~'~ and WT mice were immunized with
L. monocytogenes and subsequently boosted by i.e. infection. Three
days postchallenge, leukocytes were isolated from the brain; the fre-
quency of IFN-y-secreting p60-specific CD4™ T cells and L. monocy-
togenes-specific CD8" T cells is shown as the number of spots per X10°
leukocytes (open bars; L. monocytogenes p60-specific CD4" T cells;
black bars, L. monocytogenes-specific CD8" T cells). The indicates
statistical significant differences in the numbers of the respective L.
monocytogenes-specific T-cell population between IL-107/~ and WT
mice. The data represent means and standard deviation of triplicates.

monocytogenes-specific CD4™ T cells did not differ significantly
between IL-10~~ and WT mice (Fig. 4B).

Taken together, these data show that endogenous IL-10
significantly influences the number of leukocytes recruited to
the brain, the composition of i.c. infiltrates, and the frequen-
cies of i.c. L. monocytogenes-specific CD8" T cells.

Cytokine and chemokine mRNA expression in IL-107/~
mice. To determine the influence of endogenous IL-10 on the
i.c. cytokine response and to analyze whether the increased
recruitment of leukocytes to the brains of L. monocytogenes-
infected IL-10"/~ mice was correlated with an increased i.c.
chemokine expression, the mRNA expression of a panel of
cytokines and chemokines was studied. In general, IL-107/~
and WT mice produced the same cytokines but the cytokines
were induced earlier and reached increased levels in IL-10/~
mice compared to WT animals (Fig. SA and C). In the brains
of uninfected IL-107'~ and WT mice, faint signals of TNF,
IL-12p40 and IL-15 mRNA were occasionally detected (Fig.
5A). In cerebral listeriosis, both nonimmunized and immu-
nized IL-10~/~ mice and WT mice upregulated these cytokines
and showed a de novo expression of IFN-y, IL-1B, and iNOS
mRNA.

INFECT. IMMUN.
In the normal brains of IL-10~/~ and WT mice, chemokine
mRNAs were not detected by RT-PCR (Fig. 5B). In nonim-
munized and immunized IL-10~'~ mice, crg-2/IP-10, MCP-1,
MuMIG, MIP-1a, MIP-1B, and RANTES mRNAs were in-
duced on infection. Both RT-PCR and RPA demonstrated
slightly stronger chemokine mRNA signals in both nonimmu-
nized and immunized IL-10~/~ mice than in WT animals (Fig.
5B and D; only the RT-PCR is shown).

Systemic listeriosis in IL-10~'~ and WT mice. To evaluate
whether the negative effect of IL-10 deficiency on the course of
listeriosis is unique to the CNS, we also analyzed systemic
listeriosis in IL-10~/~ and WT mice. All IL-107/~ and WT
mice survived primary and secondary i.p. infection with 10* or
10° L. monocytogenes cells, respectively (data not shown). His-
topathology revealed that animals of both strains developed
small bacterium-associated granulomas containing CD45™ leu-
kocytes. However, nonimmunized and immunized IL-107/~
mice exhibited a larger number of inflammatory hepatic infil-
trates than did WT mice, and the infiltrates in the IL-10~/~
mice were less circumscribed. This resulted in more severe
hepatic damage in IL-10~/~ mice, as evidenced by a more
pronounced glycogen loss by hepatocytes (Fig. 6A and B). The
hepatic bacterial load did not differ significantly between IL-
107/~ and WT mice, except for day 1 p.i., when nonimmunized
IL-10~/~ mice had a significantly lower bacterial load than WT
mice did (Fig. 6C). A quantitative analysis of the hepatic leu-
kocytes by flow cytometry showed that after day 1 p.i., both
nonimmunized and immunized IL-10~/~ mice had significantly
increased numbers of LCA™ inflammatory leukocytes com-
pared to WT mice (Fig. 6D). The frequencies of L. monocy-
togenes-specific CD8™" T cells were also significantly reduced in
the livers of i.p.-infected IL-10~/~ mice compared to WT mice
(P < 0.01), thereby paralleling cerebral listeriosis (Fig. 6E). As
in a previous study (5), both nonimmunized and immunized
IL-10~/~ mice transcribed increased hepatic levels of IFN-y,
TNF, IL-1B, IL-12p40, and IL-15 mRNA on days 1, 3, and
5 p.i. (data not shown).

DISCUSSION

Cerebral listeriosis of IL-107/~ mice was characterized by
immunopathology with severe hyperinflammation and multiple
i.c. hemorrhages, which were completely absent from the
brains of WT mice. These i.c. hemorrhages, in association with
a pronounced brain edema, significantly damaged neurons in
IL-10~/~ mice and, in association with the strong and ubiqui-
tous encephalitis, caused their death. A recent autopsy study
illustrated that i.c. hemorrhages and a severe brain edema are
also characteristic findings in fatal human Staphylococcus au-
reus meningitis (28), which underscores the pathogenetic rel-
evance of these neurological complications.

The development of i.c. hemorrhages and an aggravated
brain edema in IL-10"/~ mice may be influenced by several,
non-mutually exclusive factors including hyperinflammation,
increased production of cytokines and chemokines, and stron-
ger activation of microglial cells, which are all associated with
the pathogenesis of bacterial meningitis and, in particular, with
the development of brain edema (17, 38, 39, 44).

Hyperinflammation in cerebral listeriosis of IL-10~/" ani-
mals was characterized by significantly increased numbers of
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i.c. leukocytes, in particular granulocytes. The prominent in-
crease in the number of granulocytes indicates that IL-10 may
inhibit their recruitment, an assumption supported by the neg-
ative influence of macrophage-derived IL-10 on the recruit-
ment of granulocytes in a murine model of peritoneal inflam-
mation (2). An anti-inflammatory activity of IL-10 has also
been observed in other infectious diseases including viral and
protozoal cerebral infections (7, 29). In contrast, intrathecal
application of exogenous IL-10 augmented the recruitment of
leukocytes into the cerebrospinal fluid in rat pneumococcal
meningitis as early as 6 h p.i.; later time points were, however,
not studied (23). Thus, in bacterial meningitis, the additional
i.c. application of IL-10 may yield other effects than endog-
enously produced IL-10. Interestingly, in rat pneumococcal
meningitis, the i.p. application of IL-10 did not affect the re-
cruitment of leukocytes to the brain but reduced the extent of
brain edema, indicating that the functional activities of system-
ically and intrathecally applied IL-10 may differ (23).

The hyperinflammatory i.c. immune response of both non-
immunized and immunized IL-10~/~ mice was characterized
by an increased transcription of crg2/IP-10, RANTES, Mu-
MIG, MIP-1a, and MIP-18 mRNAs, which is in agreement
with a direct regulation of lipopolysaccharide-inducible che-
mokines including crg2/IP-10, MIP-1ca, MIP-1B3, and RANTES
by IL-10 (25, 34). Interestingly, chemokine levels increased in
parallel with the number of i.c. inflammatory leukocytes and
did not peak before a significant number of leukocytes had
been recruited to the brain. These findings indicate that leu-
kocytes were either an important source of chemokines or
critical inducers of these leukocyte-attracting molecules, which
is in accordance with a previous study on the induction of
MIP-1a, MIP-1B, and MIP-2 in murine L. monocytogenes me-
ningoencephalitis (49).

Cerebral listeriosis of IL-107/~ mice was characterized by
increased levels of TNF, IL-1B, IL-12, IL-15, iNOS, and IFN-y
mRNA. Although all these cytokines are protective in systemic
listeriosis (3, 16, 19, 27, 33, 36, 40, 41, 50), their overproduction
may be toxic for the brain. TNF, IL-1, and NO induce cerebral
edema; TNF may additionally be involved in the apoptosis of
cortical and hippocampal neurons (4, 24, 44), which has also
been observed in L. monocytogenes meningoencephalitis (46).
IFN-y, IL-12, and IL-15 have a proinflammatory activity, aug-
ment the production of TNF, IL-1, and NO, and thus may also
contribute to immune-mediated damage of the brain. A critical
role of IL-10 in the expression of TNF has also been observed
in experimental pneumococcal meningitis (35), in lipopolysac-
charide-induced i.c. TNF production (1), and in protozoal and
viral encephalitis (7, 22, 29).
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A striking difference between IL-10~/~ and WT mice was
the prominent and widespread microglial MHC class II expres-
sion in IL-107/~ mice and a rather weak, locally restricted
microglial MHC class II expression in WT mice. This increased
activation of microglia in IL-10~/~ mice may be directly caused
by the absence of IL-10, since IL-10 suppresses microglial
activation including MHC class II expression and their release
of TNF-a in vitro (11). The pronounced microglial activation
in IL-10~/~ mice may be detrimental and may contribute to the
fatal outcome of immunized IL-10"/" mice, since activated
microglia produces several neurotoxic mediators and excita-
tory amino acids such as glutamate, which may also contribute
to neuronal damage (37).

Interestingly, the hyperinflammatory i.c. immune response
in IL-10/~ mice was not associated with an increased clear-
ance of L. monocytogenes from the brain. Since both CD4™ and
CD8™ T cells play a pivotal protective role in cerebral listeri-
osis (48), the frequencies of L. monocytogenes-specific CD4™*
and CD8" T cells in cerebral infiltrates were assessed. In our
experiments, the failure of IL-107/~ mice to more effectively
eliminate i.c. bacteria correlated with lower i.c. frequencies of
L. monocytogenes-specific CD8" T cells in their brains while
the favorable prognosis of IL-10"/" mice was associated with
increased frequencies of these cells. These findings indicate
that the regulatory activity of IL-10 is crucial for focusing the
i.c. immune response on antigen-specific CD8" T-cell re-
sponses, which is in agreement with recent studies illustrating
that IL-10 favors the development of antigen-specific T cells, in
particular CD8™" T cells (9, 15, 30, 31, 42, 43). Since IL-10~/~
mice expressed increased levels of IFN-y, a key factor for the
clearance of L. monocytogenes, but lacked a more efficient
clearance of the bacteria, we assume that the reduced fre-
quency of L. monocytogenes-specific CD8" T cells, which are
able to eradicate L. monocytogenes by Fas- and perforin-de-
pendent lysis of infected host cells (20, 21), accounts for this
observation. In addition to Listeria-specific CD4" and CD8* T
cells, NK cells (8) and bystander T cells may contribute to the
increased IFN-y expression of IL-107/~ mice. In fact, it has
been demonstrated that T cells of IL-107/~ mice produce
much higher levels of IFN-y than do T cells of WT mice after
CD3 ligation, i.e., after antigen-independent stimulation (26).

To analyze whether the hyperinflammatory immune reac-
tion is unique to cerebral listeriosis, we compared meningoen-
cephalitis with systemic listeriosis. We found that IL-10 defi-
ciency did not alter hepatic clearance of the bacteria but
resulted in an overshooting immune response with the same
characteristics as depicted for cerebral listeriosis. Only on day
1 p.i. did the livers of nonimmunized IL-10"/~ animals contain

FIG. 6. Systemic listeriosis in IL-10"/~ and WT mice. (A and B) There are markedly more inflammatory infiltrates (arrowheads) in the liver
of a nonimmunized IL-10~'~ mouse (A) than in the liver of a nonimmunized WT mouse (B) on day 5 p.i. PAS staining; magnification, x50. (C)
Bacterial loads of nonimmunized and immunized IL-107/~ and WT mice after i.p. infection. At each time point after infection, four to six mice
per experimental group were analyzed. The mean and standard deviation of each group is shown. The results of one of three experiments, which
yielded similar results, are shown. (D) Flow cytometric analysis of leukocytes recruited to the liver. The percentage of LCA™ME" leukocytes was
determined by flow cytometry. The data show the mean number of LCA™E" leukocytes per liver and the standard deviation of two independent
experiments. The asterisks indicate that IL-10~/~ mice had significantly increased numbers of inflammatory leukocytes compared to the respective
group of WT mice. (E) Specificity of inflammatory T cells in the L. monocytogenes-infected liver. L. monocytogenes-immune mice were boosted i.p.
with L. monocytogenes. On day 3 after the challenge infection, hepatic leukocytes were isolated. The frequency of IFN-y secreting p60-specific
CD4™" T cells and L. monocytogenes-specific CD8" T cells was determined by use of an ELISPOT assay. The frequency of reactive cells is shown
as the number of spots per 10° leukocytes. The data represent the mean = standard deviation of experiments performed in triplicate.
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significantly reduced numbers of L. monocytogenes, which is in
agreement with a previous study showing an increased early
resistance of mice to L. monocytogenes after 1L-10 neutraliza-
tion (52). However, our findings are only partially in agreement
with another study of systemic listeriosis in IL-10~/~ mice (5).
In these experiments, IL-10"'~ mice had an increased hepatic
cytokine production in association with a more effective clear-
ance of the pathogen from the liver in both primary and sec-
ondary listeriosis, thereby leading to a less severe hepatic dam-
age. At present, the reason for these divergent findings cannot
be determined, but the reduced frequencies of L. monocyto-
genes-specific CD4" and CD8™ T cells in the hepatic infiltrates
may account for the lack of more effective bacterial clearance
in our experiments.

In conclusion, the present study on bacterial meningoen-
cephalitis demonstrates that IL-10-mediated immunosuppres-
sion is required to ensure the finely tuned balance between
pro- and anti-inflammatory mediators and to overcome the
high vulnerability of the brain to immune-mediated damage.
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