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Chemokine receptor 5 (CCR5) binds macrophage inflammatory protein 1� (MIP-1�), MIP-1�, RANTES,
and members of the monocyte chemotactic protein family and is also a receptor for human immunodeficiency
virus (HIV). CCR5 ligands can suppress HIV-1 entry into cells. In humans, homozygous mutations of the ccr5
gene confer resistance to HIV-1 infection. The role of CCR5 in defense against microbial infection is unclear.
In this study we examined the innate and adaptive immune responses of CCR5-deficient mice to the intracel-
lular bacterial pathogen Listeria monocytogenes. We found that migration of monocytic cells, formation of L.
monocytogenes-containing lesions, and bacterial clearance occurred normally in the spleens and livers of
CCR5-deficient animals. Activation of macrophages and dendritic cells during the first 3 days postinfection
was normal in the absence of CCR5, as demonstrated by intact expression of inducible nitric oxide synthase
(iNOS) and production of the cytokines tumor necrosis factor alpha, gamma interferon, and interleukin-12.
Priming of L. monocytogenes-specific CD8 T cells also occured independently of CCR5 expression. Previously
immunized, CCR5-deficient animals mounted normal secondary CD8 T-cell responses and cleared bacteria
from infected organs similarly to wild-type controls, suggesting that CCR5 is dispensable for migration and
activation of memory CD8 T cells. Our data indicate that CCR5-mediated chemotaxis is not required for
defense against infection with L. monocytogenes.

Chemokines and chemokine receptors play an important
role during inflammatory responses by governing patterns of
cellular migration. Chemokine receptor 5 (CCR5) belongs to a
family of G-protein-coupled receptors and is expressed on a
variety of hemopoietic cell subsets crucial for the development
of innate and adaptive immune responses, such as macro-
phages, dendritic cells (DCs), and T cells, as well as on the cells
of nonhematopoietic origin (23, 31). CCR5 binds several che-
mokines including macrophage inflammatory protein 1�
(MIP-1�), MIP-1�, RANTES (8, 28, 32), and monocyte che-
motactic protein 2 (MCP-2) (17, 29).

In the mid-1990s, CCR5 was identified as a major coreceptor
for human immunodeficiency virus type 1 (HIV-1), and it was
subsequently demonstrated that individuals carrying the ho-
mozygous deletion of the ccr5 gene were highly resistant to
infection with HIV-1 (9, 39). However, it is not clear which
role, if any, CCR5 plays during normal immune responses to
pathogens. Humans homozygous for the ccr5 deletion do not
appear to have increased susceptibility to pathogens, suggest-
ing that the role of this receptor in immune defense against
infections might be limited (22, 33). CCR5-deficient mice were
generated and have been shown to be more susceptible to the
encapsulated yeast Cryptococcus neoformans (19) and to have
increased susceptibility to Toxoplasma gondii (1) compared to
wild-type mice. Zhou et al. demonstrated that CCR5-deficient
mice display slightly reduced efficiency in clearing Listeria
monocytogenes from the liver and are less susceptible to lipo-

polysaccharide-induced endotoxemia (44). CCR5 expression
on memory phenotype CD4 and CD8 T cells has been docu-
mented, suggesting that this receptor might be utilized during
the recruitment of memory T cells to the sites of inflammation
in recall immune responses (31).

L. monocytogenes is a gram-positive bacterium that escapes
into the cytoplasm of infected cells by secreting the pore-forming
protein listeriolysin O (4). Murine listeriosis is an excellent model
to study innate and adaptive immune responses to intracellular
bacterial pathogens. In mice, various components of nonspe-
cific immunity, such as neutrophils, natural killer (NK) cells, ��
T cells and CR3-positive myelomonocytic cells, are crucial for
the initial control of infection (13). Secretion of the cytokines
tumor necrosis factor alpha (TNF-�), interleukin-12 (IL-12),
and gamma interferon (IFN-�) and production of reactive ni-
trogen intermediates by inducible nitric oxide synthase (iNOS)
are essential for the clearance of primary L. monocytogenes
infection in vivo (5, 26, 27, 37, 42). Recently, we identified the
subset of DCs that is recruited to L. monocytogenes-infected
spleens in a CCR2-dependent manner and is the major source
of TNF and iNOS during infection with L. monocytogenes (35).
Activation of innate immunity during L. monocytogenes infec-
tion precedes the induction of adaptive immune responses
composed of both CD4 and CD8 T-cell compartments. Adap-
tive immunity is required for complete clearance of bacteria
from infected organs (18). Antigen-specific CD8 T-cell re-
sponses to Listeria have been studied extensively and are cru-
cial for the clearance of the secondary infection (43).

In the present study, we dissected the role of CCR5 dur-
ing both innate and T-cell-mediated antilisterial immune
responses. We demonstrate that migration of macrophages
and DCs and formation of bacterium-containing lesions oc-
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curred normally in the absence of CCR5. Activation of mac-
rophages and DCs was also intact, as demonstrated by the
induction of iNOS and secretion of TNF-�, IL-12, and IFN-�
at levels comparable to those observed in wild-type animals.
Antigen-specific memory CCR5�/� CD8 T cells mediated pro-
tection during the rechallenge with L. monocytogenes and were
present in both lymphoid (spleen) and nonlymphoid (liver)
compartments. Our data indicate that CCR5 is dispensable for
both innate and adaptive immune responses to L. monocyto-
genes, despite its abundant expression in the infected tissues.

MATERIALS AND METHODS

Mice and infections. C57BL/6, CCR5�/�, C57BL/6-H2-Kd, and CCR5�/�-
H2-Kd mice were bred at Memorial Sloan-Kettering Research Animal Resource
Center. Generation of CCR5�/� mice was previously described (21). For most
studies, CCR5�/� mice were backcrossed eight generations onto the C57BL/6
background, while for T-cell studies, mice were crossed an additional two gen-
erations onto C57BL/6-H2-Kd mice (20). For primary infections, mice were
infected intravenously with 2,000 cells of L. monocytogenes strain 10403S (pro-
vided by Daniel Portnoy, University of California, Berkeley), and for secondary
infections, mice were infected intravenously with 100,000 L. monocytogenes cells.
At the indicated times postinfection, spleens were harvested and dissociated in
phosphate-buffered saline containing 0.05% Triton X-100 and bacteria CFUs
were determined by plating on brain heart infusion agar plates.

Histology. Spleens and livers were harvested from mice infected for 3 days with
L. monocytogenes, and frozen 5-�m sections were prepared. The sections were
acetone fixed and incubated with goat anti-CCR5 (Santa Cruz Biotechnology,
Santa Cruz, Calif.), rat anti-CD169 (SEROTEC), rat anti-Mac-3 (BD Pharmin-
gen, San Diego, Calif.), Difco Listeria O polyserum (Fisher), and rat anti-DEC-
205 and goat anti-iNOS (Santa Cruz) antibodies. Staining for L. monocytogenes
was developed with anti-rabbit immunoglobulin G (IgG)-fluorescein isothiocya-
nate (FITC) (Jackson ImmunoResearch Laboratories, West Grove, Pa.), and
staining for CCR5, CD169, DEC-205, Mac-3, and iNOS was developed with
anti-IgG-biotin followed by the ABC-AP kit (Vector Laboratories, Burlingame,
Calif.). Imaging of tissue sections was performed on a Zeiss Axioplan 2 micro-
scope using Openlab software (Improvision, Lexington, Mass.).

Flow cytometry. The following antibodies were purchased from BD Pharmin-
gen: anti-CD11b-PerCP (M1/70), anti-CD11c-PE (HL3), anti-Mac-3-FITC (M3/
84), anti-CD8�-PerCP (53-6.7), and anti-CD62L-FITC (MEL-14). Goat anti-
iNOS antibody (M-19) was purchased from Santa Cruz, and anti-goat IgG-FITC
was purchased from Jackson ImmunoResearch Laboratories. Phycoerythrin-con-
jugated streptavidin H2-Kd tetramers complexed with L. monocytogenes-derived
LLO91–99 peptide for detection of antigen-specific CD8 T cells were generated as
previously described (6). For DC analysis, a large gate was drawn on the live
lymphocyte/monocyte population. For T-cell analysis, a gate was drawn to in-
clude lymphocyte population and cells were further gated on CD62L and CD8�.
Intracellular staining was performed by staining cells for cell surface markers,
fixing in 2% paraformaldehyde, permeabilizing with Perm/Wash buffer (BD Phar-
mingen), and incubating with anti-IFN-�–FITC and anti-TNF-�–allophycocya-
nin antibodies.

ELISA. Spleens were harvested at the indicated times postinfection, disso-
ciated in ice-cold PBS containing 0.01% Triton X-100, and centrifuged at 10,000 �
g. Murine IL-12, IFN-�, and TNF-� in the supernatants were quantified by sandwich
enzyme-linked immunosorbent assay (ELISA) using OptEIA kits from Pharmingen.

RESULTS

Normal clearance of L. monocytogenes in the organs of
CCR5-deficient mice. We examined early bacterial burden and
bacterial clearance in the spleens and livers of wild-type and
CCR5�/� mice following primary infection with 2,000 L. mono-
cytogenes organisms. On days 1 and 3 postinfection, no signif-
icant differences were observed between bacterial replication
in the spleens and livers of CCR5-deficient and control ani-
mals. Control of L. monocytogenes replication requires success-
ful activation of the early innate immune defenses, while com-
plete bacterial clearance depends on the activation of adaptive

immune responses. By day 15 postinfection, sterilizing immu-
nity was achieved in the organs of both groups of mice (Fig.
1A), indicating that CCR5 was dispensable for both early and
late stages of primary clearance of L. monocytogenes. We next
examined the pattern of CCR5 expression in the infected or-
gans of wild-type mice. On L. monocytogenes infection in the
spleen, bacterium-containing lesions localize to the white pulp
areas, where bacteria are associated with Mac-3� cells. In the
infected liver, bacterium-containing lesions are characterized
by infiltration with F4/80� macrophages (data not shown).
Immunohistochemical analysis demonstrated significant infil-
tration of CCR5� cells into the bacterium-containing lesions in
the spleens and livers of wild-type mice. No CCR5 reactivity was
observed in the tissues of CCR5-deficient mice (Fig. 1B and C).

Cell migration and activation of innate immunity in re-
sponse to L. monocytogenes infection is normal in the absence
of CCR5. The spleen contains a rich supply of macrophages
with distinct subpopulations that localize to the white pulp, red
pulp, and marginal-zone areas. The functions of these various
subsets of macrophages during the course of intracellular in-
fection are not clear. Since CCR5 is expressed on macrophages
and DCs, we examined the distribution of these cells in
the spleen during L. monocytogenes infection of wild-type and
CCR5-deficient mice. In both groups of mice, splenic marginal
zones were characterized by the presence of CD169-positive
macrophages and Listeria-containing lesions were localized to
the white pulp areas (Fig. 2A). Bacteria in lesions were asso-
ciated with cells expressing Mac-3, a marker expressed on
subsets of macrophages and DCs, suggesting that CCR5 is
dispensable for migration of these cells during infection (Fig.
2B). We next characterized various DC subsets in collagenase-
digested spleens of infected wild-type and CCR5-deficient
mice by flow cytometric analysis. Conventional mouse DCs are
characterized by high expression of CD11c and low or negative
expression of CD11b. Furthermore, CD11b-negative DCs ex-
press DEC-205 and CD8 antigens (38). Recently, we identified
a TNF- and iNOS-producing subset of dendritic cells (Tip-
DCs) that expresses intermediate levels of CD11b and CD11c,
high levels of Mac-3, and DEC-205 or CD8 (35). Similar per-
centages of CD11chigh CD11blow and CD11chigh CD11bneg

cells (conventional DCs) were present in the CCR5�/� and
CCR5�/� spleens at 48 h postinfection (Fig. 2B). Migration of
Tip-DCs (CD11clow/int CD11bint Mac-3high) was also normal in
CCR5-deficient spleens (Fig. 2B). During infection, DEC-205�

cells localize on the periphery of Listeria-containing lesions in
the white pulp (35). Immunohistological analysis revealed that
localization of DEC-205� DCs in the white-pulp areas was also
independent of CCR5 expression (Fig. 2A).

We next examined the activation of antimicrobial innate
immune defenses in the absence of CCR5. On days 2 and 3
postinfection, iNOS expression was evident in the spleens of
both groups of mice, indicating that CCR5 signaling was not
required for the activation of Tip-DCs (Fig. 2C and data not
shown). The specificity of anti-iNOS staining was confirmed by
staining tissues from iNOS-deficient mice. No antibody reac-
tivity was observed in the spleens of iNOS-deficient animals
(data not shown). Robust IL-12 secretion in response to L.
monocytogenes infection was observed in the spleens of CCR5-
deficient mice (Fig. 3A). Likewise, expression of IFN-� and
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TNF-� at 24 h postinfection was normal in spleens of CCR5�/�

mice (Fig. 3B and C).
Adaptive immunity functions normally in the absence of

CCR5. Memory CD8� T cells express CCR5. To determine
whether the absence of CCR5 affected the priming of L. mono-
cytogenes-specific T cells and subsequent development of mem-
ory lymphocytes, we examined CD8� T-cell responses to the
immunodominant LLO91–99 epitope 9 days after primary in-
fection. The percentages of total CD8� T cells and LLO91–99-
specific CD8� cells were similar in the spleens of CCR5�/�

and CCR5�/� mice (Fig. 4A), suggesting that CCR5 was dis-
pensable for the priming of Listeria-specific T cells. Intracellular
cytokine staining revealed that LLO-specific, CD8� T cells pro-
duced TNF-� and IFN-� in response to peptide stimulation, in-
dicating that differentiation of antigen-specific cells was also intact
in the absence of CCR5 signaling (Fig. 4B). To examine the
impact of CCR5 deficiency on recall responses, previously im-
munized wild-type and CCR5-deficient mice were rechallenged
with L. monocytogenes 4 weeks after primary infection and the
magnitude of LLO91–99-specific CD8-cell responses was mea-
sured 5 days later. Our results indicate that migration and
expansion of memory CD8 T cells occurs normally in the
absence of CCR5 (Fig. 4C). To confirm that CCR5-deficient
memory CD8 T cells were fully functional, bacterial replication
in the organs of rechallenged immune and acutely infected mice
was examined. At 3 days after the rechallenge, bacterial titers in
the spleens and livers of immune CCR5�/� and CCR5�/� mice
were significantly reduced (3 to 4 log units) as compared to those

in acutely infected control mice (Fig. 4D), demonstrating intact
immune memory in the absence of CCR5.

CD8 T-cell migration to nonlymphoid organs in the absence
of CCR5. The spleen contains vast numbers of T lymphocytes.
Activation of resident CD8 T cells in response to infection in
the spleen might be normal, while migration of T cells to
peripheral sites in the absence of CCR5 might be abnormal.
Therefore, we examined T-cell immunity in the liver, a non-
lymphoid organ that is readily infected with L. monocytogenes.
Naive livers contain few T cells, and the percentages of CD4
and CD8 T cells increase significantly after infection (data not
shown). By day 9 after the primary infection, all CD8 T cells in
the livers of wild-type and CCR5 knockout mice were uni-
formly CD62L negative, with approximately 10 to 12% of T
cells staining with the LLO91–99 tetramer (Fig. 5A). At 5 days
after the secondary challenge, approximately 40% of CD8 T
cells in the livers of immune wild-type and CCR5-deficient
mice were LLO91–99 specific (Fig. 5B), suggesting that migra-
tion of memory T cells into nonlymphoid sites of inflammation
does not require CCR5 expression.

Next, livers of rechallenged immune wild-type and CCR5�/�

mice were examined histologically. By day 2 after the rechal-
lenge, livers from the CCR5�/� and CCR5�/� mice contained
numerous, well-organized bacterium-containing lesions that
were characterized by the presence of activated, iNOS-positive
macrophages. Lesions in both groups of mice were infiltrated
with CD8 T cells (Fig. 5C), demonstrating that CCR5 is also

FIG. 1. L. monocytogenes infection in CCR5�/� mice. (A) C57BL/6 and CCR5�/� mice were infected intravenously with 2,000 live L. mono-
cytogenes organisms, the spleens and livers were removed at the indicated times, and viable bacteria were quantified. Mean numbers of CFU from
groups of three mice are shown. The experiment was repeated twice. (B and C) Organs were removed at 3 days postinfection, and frozen 5-�m
sections were prepared. Spleen (B) and liver (C) sections were stained for CCR5 (red) and counterstained with hematoxylin.
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not necessary for targeting of memory T cells to the sites of
bacterial infection.

DISCUSSION

CCR5 is expressed on a variety of hematopoietic cell types
including DCs, macrophages, and Th1-type T cells (23). How-

ever, it remains unclear whether CCR5 expression by these cell
types has a biological significance during in vivo immune re-
sponses. Here, we provide a detailed characterization of innate
and adaptive immune responses to L. monocytogenes in CCR5-
deficient hosts. In our study, the putative roles of CCR5 in both
cellular recruitment and activation under inflammatory condi-

FIG. 2. Normal migration of macrophages and DCs in the absence of CCR5. (A) C57BL/6 and CCR5�/� mice were infected with 2,000 L.
monocytogenes organisms, and spleens were harvested at 2 days postinfection. Spleen sections were stained with antibodies to L. monocytogenes
(green), CD169 (red), Mac-3 (red), and DEC-205 (red). RP, red pulp; WP, white pulp; MZ, marginal zone. (B) Spleens were harvested from
wild-type and CCR5�/� mice at 2 days postinfection and digested with collagenase, and the expression of CD11c, CD11b, and Mac-3 was analyzed
by flow cytometry. The percentages of CD11bhigh, CD11bint, CD11blow CD11chigh, and CD11bneg CD11chigh (upper panels) and of CD11bint

Mac-3high and CD11bhigh Mac-3low (lower panels) cells are indicated. Representative dot plots for three mice per group are shown. (C) Spleen
sections from mice infected with L. monocytogenes for 3 days were stained for iNOS (red) and counterstained with hematoxylin. Each subpanel in
panels A and C is a representative staining with three mice per group analyzed, and the experiments were repeated twice.
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tions were examined. We demonstrate that recruitment of mac-
rophages, DCs, and CD8 T cells during both primary and
secondary immune responses to L. monocytogenes occurs nor-
mally in CCR5�/� mice. Furthermore, CCR5 is not required
for the induction of TNF, IL-12, and IFN-� during innate
responses, activation of bactericidal mechanisms, and priming
of Listeria-specific CD8 T cells.

Immediately following introduction of the infectious agent
into the host environment, inflammatory events take place
which are characterized by the establishment of chemotactic
gradients redirecting normally circulating cells into the sites of
injury. In vivo expression of MIP-1� in the spleens of L. mono-
cytogenes-infected mice and in vitro expression of MIP-1� and
MIP-1� by Listeria-infected bone marrow-derived macro-
phages has been reported (10, 15). In vitro, CCR5 ligation
induces the migration of macrophages, immature DCs, and
activated and memory Th1 T cells (23, 31). In vivo, injection of
soluble T. gondii antigens induces CCR5-dependent migration
of CD8�� DEC-205� DCs from the red pulp and marginal-
zone areas of the spleen to T-cell-containing areas of the white
pulp (1). During infection with Leishmania donovanii, the
granulomatous response in the liver is impaired in the absence
of CCR5, suggesting the presence of abnormalities in the cell
trafficking (34). In contrast, we observed normal migration of
DCs and macrophages and unimpaired formation of bacteri-
um-containing lesions in spleens and livers during the anti-
listerial immune response in CCR5-deficient mice.

It is intriguing that despite abundant CCR5 expression in the
infected tissues, CCR5 deficiency had no apparent effect dur-
ing the immune response to L. monocytogenes. One difficulty in
understanding the roles of individual chemokines and chemo-
kine receptors stems from their redundancy: many receptors
have the same chemokine ligands, and many chemokines bind
several chemokine receptors. Only one CCR5 ligand, MIP-1�,
is unique to this receptor, while MIP-1�, RANTES, and MCP
are shared with CCR1, CCR2, CCR3, and CCR4 (45). During
L. monocytogenes infection, other receptors might be utilized

by MIP-1� and RANTES in the absence of CCR5 in vivo, an
issue that could be addressed only by generating mice with
multiple chemokine receptor deficiencies.

In this respect, it is notable that mice lacking CCR2 have
pronounced deficiencies in monocyte recruitment in vivo and
are highly susceptible to L. monocytogenes infection. CCR2 is
the sole receptor for its major ligand, MCP-1 (45). Thus, re-
dundancy in the use of chemokine receptors might be a cor-
relate of how well the particular chemokine deficiency will be
tolerated during the inflammation. Additionally, the relative
importance of individual chemokine receptors during inflam-
matory reactions might depend strongly on the preferential site
for parasite multiplication. Successful immunity to C. neofor-
mans requires CCR5 expression (19). However, the suscepti-
bility is associated with the defective recruitment of leukocytes
to the brains of C. neoformans-infected mice while cellular
migration to the lungs appears intact, suggesting the existence
of tissue-specific requirements for CCR5.

In addition to inducing cellular migration, other biological
functions have been ascribed to CCR5 and its ligands. In vitro,
MIP-1� induces the secretion of TNF, IL-6, and IL-1 by peri-
toneal macrophages, suggesting a role for this chemokine in
the direct activation of cells (14). In line with these findings,
CCR5-deficient peritoneal macrophages were reported to have
partial defects in the production of IL-6 and IL-1 in response
to MIP-1� (44). In vivo, administration of a tachyzoite antigen
extraxt (STAg) to mice induced strong CCR5-driven IL-12
production by CD8�� DCs (1). Recently, it was shown that
TNF and IL-12 secretion by L. monocytogenes-infected bone
marrow-derived macrophages in response to IFN-� in vitro is
enhanced by treatment with MIP-1�, MIP-1�, and RANTES,
suggesting synergism between Th1-type cytokines and CC che-
mokines (11). However, the latter in vitro findings do not
appear to correlate with our in vivo observations, since there
was no reduction in the levels of TNF, IL-12, or IFN-� during
primary infection of CCR5-deficient mice with L. monocyto-
genes. In agreement with normal cytokine secretion, expression

FIG. 3. Cytokine production in the spleens of wild-type and CCR5�/� mice. C57BL/6 and CCR5�/� mice were infected with 2,000 L. mono-
cytogenes organisms, and their spleens were removed at the indicated times and lysed in PBS containing 0.01% Triton X-100. IL-12 (A), IFN-� (B),
and TNF-� (C) in lysates were quantified by sandwich ELISA. Each time point represents three or four mice, and the experiment was repeated twice.
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of iNOS was also intact, indicating that the induction of bac-
tericidal functions was unimpaired. Interestingly, T. gondii cy-
clophilin has been shown to bind CCR5, mimicking its chemo-
kine ligands and triggering cytokine secretion and DC migration,
suggesting that some pathogens might actively exploit the ex-
pression of chemokine receptors on inflammatory cells (2).

In addition to its expression on cells of the innate immune
system, CCR5 expression on effector and memory T cells has
been reported (16, 25, 30, 31). In vitro, MIP-1�, MIP-1�, and
RANTES enhance antigen-specific T-cell proliferation and
IL-2 production (41). All CCR5 ligands were demonstrated to
be chemotactic for Th1-type T cells, and MIP-1� was shown to
induce the migration of activated CD8 T cells (40). Lympho-
cytes migrating to the liver in response to hepatitis C virus
infection express CCR5, and it was suggested that tissue infil-

tration by lymphocytes correlates with the high level of CCR5
expression (36). However, most of our understanding of the
role of CCR5 expression on T cells comes from in vitro che-
motaxis experiments and the phenotypic analysis of peripheral
lymphocytes. Our study directly addressed the role of CCR5 in
memory T-cell migration to the sites of inflammation during in
vivo bacterial infection. Recall CD8 T-cell responses in the
spleens and livers of L. monocytogenes-infected CCR5�/� mice
were comparable to those observed in wild-type control mice,
suggesting that CCR5 expression by memory T cells is not
essential for their migration. Other chemokine receptors such
as CCR2 and CXCR3 may recruit memory T cells to the sites
of inflammation in the absence of CCR5. Additionally, the
presence of long-lived memory cells in the nonlymphoid tissues
has been shown (24), suggesting that the need for chemokine-

FIG. 4. Normal primary and secondary CD8 T-cell responses in CCR5�/� mice. (A and B) C57BL/6-H2-Kd and CCR5�/�-H2-Kd mice were
infected with 2,000 L. monocytogenes organisms, and their spleens were harvested at 9 days postinfection. (A) Splenocytes were stained for CD8,
CD62L, and H2-Kd tetramer, gated on lymphocytes by size, further gated on CD8�, and analyzed by flow cytometry. (Left panels) CD8 staining
in the lymphocyte gate. (Right panels) CD62L and H2-Kd tetramer staining of CD8�� gated cells. The percentages of CD8� and tetramer-positive
T cells are indicated. (B) Splenocytes from wild-type and CCR5�/� mice were incubated with or without LLO91–99 peptide in the presence of
brefeldin A for 5 h, and intracellular TNF-� and IFN-� staining was performed. The cells were gated on the CD62L�CD8�� population. The
percentage of cytokine-positive cells is indicated. (C) Immune C57BL/6-H2-Kd and CCR5�/�-H2-Kd mice were rechallenged with 100,000 L.
monocytogenes organisms, and their spleens were harvested at 5 days postinfection. Splenocytes were stained as in panel A. For panels A to C,
representative dot plots for three mice per group are shown. (D) Naive or immune C57BL/6-H2-Kd and CCR5�/�-H2-Kd mice were challenged
with 100,000 L. monocytogenes organisms, their spleens and livers were harvested at 3 days postinfection, and the bacterial titers in the organs were
determined. Each bar represents three or four mice.
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mediated cellular recruitment might be bypassed in these tis-
sues by directly activating resident cells.

CCR5 is a major coreceptor used by M-tropic strain of
HIV-1 (3, 9, 12). Individuals homozygous for the mutant allele,
CCR5-	32, are highly resistant to HIV infection, and het-
erozygotes show delayed disease progression (34). CCR5 li-
gands can prevent the entry of HIV-1 into cells, suggesting that
strategies limiting the normal availability of surface CCR5 to
viral gp120 are highly promising in reducing HIV infectivity
(7). However, the expression of CCR5 on cells critical for both
innate and adaptive immune responses raises the question of
the impact of CCR5 blockade on the immune responses to
other pathogens. To date, the in vivo role of CCR5 has been
characterized only with respect to fungal (C. neoformans) and
protozoan (T. gondii) pathogens (1, 2, 19). Our study provides
the first comprehensive examination of the in vivo immune
responses to an intracellular bacterial pathogen in the absence
of CCR5 and suggests that CCR5 is dispensable for both mi-
gration and activation of cells during primary and secondary
immune responses to L. monocytogenes. Although the suscep-
tibility of CCR5-deficient mice to other bacterial pathogens

remains to be tested, our data correlate with the finding that
CCR5-deficient humans are not detectably more susceptible to
bacterial infections.
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