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Chemokines induce the directional migration of targeted populations of leukocytes during periods of
inflammation. Moreover, these molecules also regulate T-cell activation and differentiation following antigenic
stimulation. In the present study, the contributions of the CC chemokine ligand 3 (CCL3) to the differentiation
and migration of effector T cells in response to viral infection of the central nervous system (CNS) were
analyzed. CCL3�/� mice infected with mouse hepatitis virus exhibited a significant reduction of virus-specific
CD8� T cells within the CNS, correlating with delayed viral clearance. Decreased infiltration of CD8� T cells
into infected CCL3�/� mice was associated with enhanced accumulation of primed CD8� T cells in cervical
lymph nodes. Although virus-specific CD8� T cells from CCL3�/� mice were CD44high, they remained
CD62Lhigh and CD25low, retained CCR7 expression, and contained limited transcripts of the proinflammatory
chemokine receptors CCR5 and CXCR3 compared with virus-specific CD8� T cells from CCL3�/� mice.
Furthermore, the absence of CCL3 impaired the cytokine production and cytolytic activity of CD8� T cells. In
addition, macrophage accumulation within the CNS was significantly decreased in infected CCL3�/� mice,
correlating with reduced demyelination. These results suggest that CCL3 not only mediates macrophage
chemotaxis but also significantly enhances differentiation of primed CD8� T cells into effector cells and their
release into circulation, thus potentiating effective migration to the site of infection.

Induction of an effective immune response following viral
infection depends on the activation of virus-specific CD8� T
cells that are able to migrate to infected tissues and eliminate
virus. Differentiation of naïve T cells into antigen-specific ef-
fector T cells is generally accomplished by antigen stimulation
and cytokine signaling within the secondary lymphoid tissues.
Effector cells exit these tissues and migrate to the site of in-
fection where they are capable of exerting diverse antiviral
responses (2, 5, 17, 37).

The distinct migration patterns of naïve and effector T cells
depends upon the expression of adhesion molecules called
homing receptors on the surface of T cells. Expression of
CD62L (L-selectin) and the chemokine receptor CCR7 con-
tribute to the migration of naïve T cells into secondary lym-
phoid organs (13, 33, 35). Recruitment of effector T cells to
sites of infection is accompanied by downregulation of expres-
sion of CD62L and CCR7 followed by the upregulation of
CD25 (interleukin 2 receptor [IL-2R] � chain) and CD44 as
well as increased expression of proinflammatory chemokine
receptors such as CXCR3 and CCR5 (27, 34). T-cell differen-
tiation ultimately results in migration to the site of infection
and virus elimination via production of cytokines such as
gamma interferon (IFN-�) and/or cell-mediated cytolysis. Al-
though the mechanisms contributing to the generation of ef-
fector CD8� T cells are not completely known, recent evidence
indicates that exposure to cytokines, e.g., IL-2 and IL-15, as

well as the duration of antigenic stimulation during priming are
key factors contributing to effector cell generation (20, 27).
However, the mechanisms by which such soluble signals regu-
late both the generation of effector T cells and their trafficking
pattern have not been well characterized. How these factors
and their cross-regulation affect T-cell function remains an
important question with respect to host defense against viral
infection.

We used a model of viral-induced neurologic disease to
better understand the relative contributions of chemokines and
chemokine receptors in the regulation of immune effector
function and leukocyte migration following viral infection of
the central nervous system (CNS). Intracranial infection of
susceptible mice with mouse hepatitis virus (MHV), a positive-
strand RNA virus, results in acute encephalomyelitis with virus
replication in both neurons and glia (14). T cells are essential
in controlling the acute stage of disease through the release of
IFN-� and perforin, which both aid in virus elimination (21,
32). However, clearance is incomplete and antigen persists in
mice that survive the acute disease. The majority of these
animals develop a demyelinating disease characterized by
mononuclear-cell infiltration and myelin destruction, similar to
the pathology of the human demyelinating disease multiple
sclerosis (14).

Recent studies from our laboratory have indicated an im-
portant role for chemokines and their receptors in the regula-
tion of leukocyte migration and infiltration into the CNS fol-
lowing MHV infection (6, 11, 18, 19, 23, 24). Among the
chemokines that are expressed within the CNS during acute
disease is the T-cell and macrophage chemoattractant CCL3
(11). To evaluate the functional contributions of CCL3 to host
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defense and disease, MHV-induced pathogenesis was investi-
gated in mice lacking the ability to express CCL3 (CCL3�/�).
The findings indicate that MHV-infected CCL3�/� mice are
resistant to virus-induced demyelination, consistent with re-
duced macrophage trafficking into the CNS. However, infec-
tious virus is not eliminated, coincident with impaired recruit-
ment of CD8� T cells into the brain. Impaired CD8�-T-cell
trafficking is accompanied by the accumulation of virus-specific
CD8� T cells in secondary lymphoid organs, which are char-
acterized by the persistent expression of the lymphoid homing
molecules CD62L and CCR7 and the limited appearance of

the proinflammatory and activation markers CD25, CXCR3,
and CCR5. Virus-specific CCL3�/� CD8� T cells are also
deficient in IFN-� production and have muted cytolytic activ-
ity, further supporting altered activation. These data argue that
CCL3 plays an important role in host defense and the patho-
genesis of MHV-induced neurologic disease by enhancing
CD8�-T-cell differentiation and migration as well as mobiliz-
ing macrophage recruitment.

MATERIALS AND METHODS

Animals and virus. MHV J2.2V-1 was kindly provided by J. Fleming (Univer-
sity of Wisconsin) (14). CCL3�/� mice were generated previously (C57BL/6,
H-2b) (7), and control mice (C57BL/6) were purchased from Jackson Laborato-
ries (Bar Harbor, Maine). Mice were anesthetized by inhalation of methoxyflu-
rane (Pitman-Moor Inc., Washington Crossing, N.J.) and injected intracranially
(i.c.) with 1,000 PFU of MHVJ2.2V-1 suspended in 30 �l of sterile phosphate-
buffered saline. Control mice were injected with 30 �l of sterile phosphate-
buffered saline alone.

Mononuclear-cell isolation and flow cytometry. Mononuclear cells were ob-
tained from the brains, cervical lymph nodes (CLN) (two draining CLN per
mouse), and spleens of mice, followed by red blood cell lysis as previously
described (18). Cell surface expression of phenotypic markers was examined by
using the following reagents for four-color flow cytometric analysis: allophyco-
cyanin-conjugated rat anti-mouse CD8; PERCP-conjugated rat anti-mouse CD4;
fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse CD62L, CD44, and
CD25 (adhesion molecules associated with T-cell activation) (BD and E Bio-
sciences); phycoerythrin (PE)-conjugated Db/S510-518 major histocompatibility
class I tetramer for identification of CD8� T cells specific for viral spike protein
antigen (4). Infiltrating macrophages were determined by using FITC-conjugated
rat anti-mouse F4/80 (Serotec, Oxford, England) in combination with PE-con-
jugated rat anti-mouse CD45 (Pharmingen, San Diego, Calif.). Isotype-matched
antibodies were used as controls.

RNase protection assay (RPA). To detect CCL3 mRNA transcripts within the
CNS of MHV-infected mice, total RNA was isolated from brains at days 3, 7, and
12 postinfection (p.i.) by using TRIZOL reagent (Invitrogen, Carlsbad, Calif.)
(23). The level of chemokine mRNA transcripts was determined by using the
mCK5 probe set (Pharmingen). To detect expression of chemokine receptor
mRNA, CD8� T cells were purified from CLN of CCL3�/� and CCL3�/� mice
at days 7 and 12 p.i. by using MACS microbeads conjugated to anti-CD8 mono-
clonal antibody (Miltenyi Biotec, Auburn, Calif.) and total RNA was isolated by
using TRIZOL reagent. Chemokine receptor mRNA transcripts were analyzed
by using the mCK1 probe set (Pharmingen).

Adoptive transfer. Splenocytes from CCL3�/� or CCL3�/� mice isolated 8
days postimmunization (2 � 105 PFU of MHV-J2.2V-1; intraperitoneal [i.p.]
injection) were adoptively transferred (5 � 106 cells suspended in 200 �l of
sterile Hanks balanced salt solution) via intravenous (i.v.) injection into the
retro-orbital sinus of RAG1�/� or CCL3�/� mice 3 days following i.c. infection
with 1,000 PFU of MHV J2.2V-1 (38). Mice were sacrificed 9 days posttransfer,
and brains and spinal cords were removed. One-half of each brain was used for
flow cytometric analysis, and the remaining half was used to determine viral
titers. Spinal cords were stained with Luxol fast blue to assess the severity of
demyelination by using the following scoring system: 0, no demyelination: 1, mild
inflammation accompanied by loss of myelin integrity; 2, moderate inflammation
with increasing myelin damage; 3, numerous inflammatory lesions accompanied
by significant increase in myelin stripping; and 4, intense areas of inflammation
accompanied by numerous phagocytic cells engulfing myelin debris (18).

Intracellular cytokine staining. CCL3�/� and CCL3�/� mice were infected
with 1,000 PFU of MHV J2.2V-1, and brains and CLN were removed at 7 days
p.i. for analysis of single cell suspensions. A total of 106 cells were stimulated for
6 h in 96-well plates with or without a 5 �M concentration of peptide corre-
sponding to the spike (S) protein-derived S510-518 CD8 epitope, and intracel-
lular staining for IFN-� was performed by using a previously described procedure
(6).

CTL assay. Cytolytic activity of splenocytes following i.p. immunization with
2.5 � 105 PFU of MHV-J2.2V-1 was analyzed. At 7 days p.i., splenocytes were
stimulated in vitro with a 5 �M concentration of S510-518 peptide in RPMI 1640
supplemented with 2 mM glutamine, 1 mM sodium pyruvate, 5 � 10�2 M
�-mercaptoethanol, nonessential amino acids, 10% fetal calf serum, and T Stim
(Becton Dickinson, Bedford, Mass.) for 6 days. Fluorescence-activated cell sorter
analysis of cultured cells was performed to determine the percentage of virus-

FIG. 1. CCL3 gene expression within the CNS following MHV
infection. (A) CCL3 mRNA transcript levels were determined by RPA
analysis of total RNA isolated from the CNS of sham- and MHV-
infected CCL3�/� mice at 3, 7, and 12 days p.i. Each lane represents an
individual mouse at the indicated time point. (B) Densitometric anal-
ysis of CCL3 mRNA transcripts obtained from the scanned autoradio-
graph. Data are the average normalized units representing the ratio of
band intensity to L32 control. (C) Analysis of CCL3 mRNA produc-
tion by activated CD4� and CD8� T cells. CD4� and CD8� T cells
were harvested from the spleens of CCL3�/� mice 7 days after i.p.
immunization. Total RNA was isolated from enriched populations of
CD4� and CD8� T cells, and CCL3 expression was determined by
RPA. Both CD4� and CD8� T cells expressed CCL3 mRNA. Each
lane represents enriched T cells isolated from the spleens of three
pooled mice. The total number of CCL3�/� mice was six.
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specific (S510-518) CD8� T cells present following expansion and was used to
normalize the numbers of activated CD8� T cells. Cytotoxic T-lymphocyte
(CTL) assays were performed with Na51CrO4 (New England Nuclear, Boston,
Mass.)-labeled RMAS (H-2b) target cells preincubated with a 1 �M concentra-
tion of S510-518 peptide. Cr51 release was determined after a 6-h incubation.
Specific lysis was defined as follows: 100 � [(experimental release � spontaneous
release)/(detergent release � spontaneous release)].

RESULTS

Viral clearance and T-cell recruitment are reduced in MHV-
infected CCL3�/� mice. Following i.c. infection of C57BL/6
mice with MHV, mRNA transcripts for the chemokine CCL3
were present within the brain at days 3, 7, and 12 p.i. (Fig. 1A
and B). To determine the contributions of CCL3 to host de-
fense and disease following viral infection of the CNS, inflam-

mation and pathogenesis in CCL3�/� and CCL3�/� mice in-
fected i.c. with MHV were compared. Infection of CCL3�/�

mice did not result in increased mortality compared to what
was observed with infected CCL3�/� mice up to day 12 p.i.
Examination of viral titers within the brains of infected mice
revealed no differences in viral burden at day 7 p.i. (Table 1,
experiment 1). However, by day 12 p.i., virus recovery from the
brains of CCL3�/� mice was enhanced (Table 1, experiment
1). Flow cytometric analysis was performed on mononuclear
cells isolated from the CNS of infected mice at days 7 and
12 p.i. to determine whether CCL3 was contributing to T-
lymphocyte infiltration. The data presented in Table 1 indicate
that there is a significant decrease (P � 0.001) in the total
numbers of CD8� T cells infiltrating into the CNS of CCL3�/�

FIG. 2. Absence of CCL3 results in diminished demyelination. Representative spinal cord sections were isolated from MHV-infected CCL3�/�

and CCL3�/� mice 12 days p.i. and were stained with Luxol fast blue to determine the severity of myelin destruction. CCL3�/� mice exhibited
extensive demyelination accompanied by mononuclear-cell infiltration. Although inflammatory foci are apparent in the white-matter tracts of
CCL3�/� mice, myelin destruction was limited. Magnification, �200.

TABLE 1. T-lymphocyte and macrophage infiltration into the CNS of MHV-infected CCL3�/� and CCL3�/� mice

Experi-
ment Mouse Day

p.i.

Viral titer
(log10
PFU/g

of tissue)
No. of CD8� cells

No. of CD8�

(S510–518) tetramer-
positive cells

No. of CD4� cells No. of F4/80�

CD45high cells
Demyelin-

ationb

1a CCL3�/� 7 3.5 � 0.2 (2.9 � 0.15) � 105 (9.0 � 2.0) � 104 (2.9 � 0.2) � 105 (1.0 � 0.6) � 105 NDh

12 	2 (6.2 � 0.6) � 104 (1.0 � 0.3) � 104 (8.0 � 0.2) � 104 (3.0 � 2.4) � 105 2.9 � 0.04
CCL3�/� 7 3.3 � 0.7 (8.0 � 1.7) � 103e (2.0 � 0.5) � 103e (6.0 � 0.1) � 104e (4.0 � 0.2) � 103e ND

12 2.9 � 0.1 (2.0 � 0.1) � 103e (7.0 � 1.0) � 102e (3.0 � 0.4) � 105e (4.0 � 0.1) � 103e 1.6 � 0.42f

2c RAG1�/� 12 4.5 � 0.1 ND ND ND (1.0 � 0.1) � 104 0
CCL3�/� to RAG1�/� 12d 3.0 � 0.3 (2.0 � 0.3) � 105 (1.6 � 4.1) � 104 (1.0 � 0.02) � 104 (1.5 � 0.03) � 105 3.1 � 0.1
CCL3�/� to RAG1�/� 12d 4.8 � 0.1g (1.0 � 0.1) � 104e (6.0 � 0.2) � 102e (2.0 � 0.1) � 103e (3.0 � 0.7) � 104e 0.8 � 0.1g

CCL3�/� to CCL3�/� 12d �2 (1.2 � 0.5) � 105 (1.2 � 3.2) � 104 (1.0 � 0.3) � 104 (1.5 � 0.01) � 105 2.9 � 0.2

a Characterization of viral clearance and mononuclear-cell infiltration, by flow cytometric analysis, into the CNS following i.c. infection with MHV. The data are
means � standard errors of the means (SEM) and are representative of three separate experiments with a minimum of three mice per group.

b Demyelination was determined according to the scoring system described in Materials and Methods.
c Characterization of mononuclear-cell infiltration into the CNS following adoptive transfer. The data are means � SEM and are representative of two separate

experiments with a minimum of three mice per group.
d Nine days posttransfer of splenocytes.
e P � 0.001 compared with results for other mice tested in the same experiment.
f P � 0.02 compared with results for CCL3�/� mice.
g P � 0.05 compared with results for other mice tested in the same experiment.
h ND, not determined.
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mice compared with CCL3�/� mice at both 7 and 12 days p.i.
Moreover, infiltration of CD8� T cells specific for the immu-
nodominant S510-518 epitope was significantly reduced at both
7 and 12 days p.i. compared to what was seen with CCL3�/�

mice (Table 1). Although the numbers of CD4� T cells within
the brains of CCL3�/� mice were also significantly decreased
(P � 0.001) at day 7 p.i., they were significantly higher (P �
0.001) within the brains of CCL3�/� mice compared with
CCL3�/� wild-type mice by day 12 p.i. (Table 1).

MHV-infected CCL3�/� mice exhibit reduced macrophage
infiltration and demyelination. Spinal cords obtained from
CCL3�/� mice at day 12 p.i. exhibited numerous inflammatory
foci accompanied by robust demyelination (Fig. 2) (Table 1).
Although inflammatory cells (presumably CD4� T cells, based
on flow cytometry results) were present within the spinal cords
of CCL3�/� mice, there was a significant reduction (P � 0.02)
in myelin destruction (Fig. 2) (Table 1). As macrophage re-
cruitment into the CNS is important in myelin destruction in
MHV-infected mice (18, 38), macrophage infiltration into the
CNS was investigated in infected CCL3�/� mice. To distin-
guish between resident microglia and infiltrating monocytes,
flow cytometric analysis was performed by using FITC-conju-
gated anti-F4/80 antibodies and PE-conjugated anti-CD45 an-
tibodies (6). CCL3�/� mice displayed a significant decrease (P
� 0.001) in the numbers of infiltrating macrophages at 7 and
12 days p.i., which correlated with reduced demyelination (Ta-
ble 1).

T cells and macrophages from CCL3�/� mice do not traffic
into the CNS following adoptive transfer. In an attempt to
further characterize the contribution of T-cell- versus resident-
CNS-cell-derived CCL3 to neuroinflammation following MHV
infection of the CNS, a series of adoptive transfer experiments
was performed. Immune splenocytes were obtained from
CCL3�/� mice and transferred i.v. to either RAG1�/� or
CCL3�/� mice 3 days after i.c. infection (Table 1, experiment
2). Transfer of immune cells from CCL3�/� mice to MHV-
infected RAG1�/� mice resulted in T-cell infiltration into the
brain and a reduction in viral titers compared with what was
seen with MHV-infected RAG1�/� mice receiving only Hanks
balanced salt solution (Table 1). Similarly, transfer of immune
CCL3�/� splenocytes to infected CCL3�/� recipients reduced
viral titers, correlating with T-cell infiltration (Table 1). By
contrast, RAG1�/� recipients of immune splenocytes obtained
from CCL3�/� mice exhibited high viral titers within the brain
and limited infiltration of CD4� and CD8� T cells (Table 1),
although at least twice as many CCL3�/� virus-specific CD8�

and CD4� T cells were transferred (Table 2). Moreover, the
numbers of tetramer-positive CD8� T cells present within the
brains of RAG1�/� recipients of CCL3�/� splenocytes were

significantly reduced (P � 0.001) compared with those of re-
cipients of CCL3�/� donors (Table 1). Both donor CD4� and
CD8� T cells obtained from MHV-immunized CCL3�/� mice
expressed similar transcript levels for CCL3 at day 7 postim-
munization, indicating that differential expression of this che-
mokine by T-cell subsets does not occur (Fig. 1C). These re-
sults suggested that CCL3 produced by T cells may further
enhance monocyte recruitment within the CNS. Indeed, adop-
tive transfer of immune splenocytes from CCL3�/� mice into
either RAG1�/� or CCL3�/� recipients resulted in enhanced
F4/80�, CD45high macrophage accumulation within the CNS
and myelin destruction (Table 1). These data support the idea
that CCL3 production by infiltrating T cells enhances accumu-
lation of F4/80�, CD45high macrophages into the CNS.

Analysis of virus-specific CD8� T cells by S510-518 tetramer
staining. Despite the reduced numbers of CD8� T cells
present within the CNS of CCL3�/� mice, the relative frequen-
cies of S510-518-specific cells within the CD8 population were
similar between the groups, indicating impaired overall CD8�-
T-cell recruitment rather than reduced expansion in CCL3�/�

mice. Therefore, the numbers of S510-518-specific CD8� T
cells present within the CLN or spleens of CCL3�/� and
CCL3�/� mice were determined following either i.c. infection
or i.p. immunization, respectively. Similar numbers of CD4�,
CD8�, and tetramer-positive CD8� T cells were present within
the CLN of CCL3�/� and CCL3�/� mice at day 7 following i.c.
infection (Fig. 3) (Table 3). However, CCL3�/� mice exhibited
increased total numbers of CD4� and CD8� T cells and an
approximately 25-fold increase in the numbers of tetramer-
positive cells within the CLN by 12 days p.i. (Fig. 3) (Table 3).
The numbers of tetramer-positive CD8� T cells were also
increased within the spleens of immunized CCL3�/� mice at
both 7 and 12 days p.i. compared with those within the spleens
of CCL3�/� mice (Fig. 3) (Table 3). These data clearly indicate
that CCL3 is required not for expansion of virus-specific CD8�

T cells but for exit into the circulating pool. Interestingly,
although the percentage and overall number of tetramer-pos-
itive CD8� T cells were increased in the secondary lymphoid
tissues of CCL3�/� mice, tetramer staining indicated differen-
tial fluorescence intensity associated with the tetramer (Fig. 4).
In contrast to the high patterns of tetramer staining
(tetramerhigh phenotype) observed with CCL3�/� virus-spe-
cific CD8� T cells within the CLN at 7 (99%) and 12 (91%)
days p.i., nearly half of the CCL3�/� virus-specific CD8� T
cells (47 and 49% at 7 and 12 days p.i., respectively) expressed
low patterns of tetramer staining (tetramerlow) (Fig. 4). Anal-
ysis of CCL3�/� and CCL3�/� splenocytes following i.p. im-
munization revealed tetramer populations similar to those in
the CLN at both 7 and 12 days p.i. (data not shown).

TABLE 2. Characterization of T cells used for adoptive transfera

Mouse Day p.i. No. of CD8� cells No. of CD8� (S510–518)
tetramer-positive cells No. of CD4� cells No. of CD4�

(M133–147)b cells

CCL3�/� 7 7.5 � 105 5.3 � 104 5.0 � 105 4.7 � 104

CCL3�/� 7 7.0 � 105 1.1 � 105 4.3 � 105 8.6 � 104

a Characterization of mononuclear cells isolated from the spleens of CCL3�/� or CCL3�/� mice following i.p. immunization with 2 � 105 PFU of MHV. A total
of 5 � 106 cells were used for adoptive transfer studies. The data are representative of two separate experiments with a minimum of three mice per group.

b The number of virus-specific CD4� T cells was determined by their ability to produce IFN-� in response to secondary stimulation with the CD4-immunodominant
epitope M133–147. Total numbers were determined by multiplying the percentage of IFN-�-producing cells by the total number of CD4� T cells.
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Phenotypic characterization of S510-518 virus-specific
CD8� T cells. The barely detectable levels of tetramer-positive
CD8� T cells within the brains of infected CCL3�/� mice
suggested possible alterations in the homing receptor and/or
activation phenotype. To address this possibility, the receptor
profile of CD8� T cells isolated from the CLN and spleen
following i.c. infection and i.p. immunization, respectively,

were analyzed. T cells obtained from the spleens and lymph
nodes of uninfected mice expressed high levels of CD62L and
low levels of CD25 and CD44, characteristic of naïve T cells
(data not shown). Following i.c. infection with MHV, tetramer-
positive cells isolated from the CLN of CCL3�/� mice at day
7 p.i. acquired an expression pattern typically associated with
activation: CD62Llow (13%), CD44high (97%), and CD25high

FIG. 3. Analysis of S510-518 tetramer-positive CD8� T cells following infection with MHV. CD8� T cells were purified from CLN of CCL3�/�

and CCL3�/� mice at days 7 and 12 p.i. by using MACS microbeads conjugated to anti-CD8 monoclonal antibody. To determine the number of
CD8� T cells specific for the immunodominant S510-518 epitope, purified CD8� T cells were stained with tetramer. Shown are representative dot
blots indicating the percentages of S510-518-positive cells compared to side scatter (y axis) present in CLN and spleen of CCL3�/� and CCL3�/�

mice. Data presented are representative of the results obtained from three separate experiments with three mice per experiment.
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(33%) (Fig. 5). In contrast, although tetramer-positive CD8� T
cells isolated from CCL3�/� mice expressed high levels of
CD44 (89%), they failed to upregulate CD25 (5%) and re-
tained expression of CD62L (43%) (Fig. 5). At day 12 p.i.,
CCL3�/� tetramer-positive cells remained CD44high (98%)
and expression of CD62L was slightly increased, indicating an
overall reduction in the activation state of these cells compared
to day 7 p.i. This was supported by dramatically reduced CD25
expression (3%). Similarly, tetramer-positive cells isolated
from the CLN of CCL3�/� mice at day 12 p.i. expressed high
levels of CD44 (81%), increased levels of CD62L (62%), and
very little CD25 (7%) (Fig. 5).

Analysis of chemokine receptor mRNA expression revealed
the appearance of transcripts for the proinflammatory chemo-
kine receptors CCR5 and CXCR3 as well as reduced tran-
scripts for the lymphoid homing receptor CCR7 in CD8� T
cells from CCL3�/� mice (Fig. 6). This correlated with their
activated receptor expression profile. In contrast, neither
CCR5 nor CXCR3 mRNA transcripts increased significantly
in CD8� T cells from CCL3�/� mice at either day 7 or 12 p.i.
Furthermore, CCR7 mRNA expression remained elevated
compared with what was seen with CCL3�/� mice. Although
previous reports have shown that cytokines, such as IL-2 and
IL-15, play a role in the development of effector T cells (27), no

FIG. 4. Differential tetramer staining on CCL3�/� virus-specific
CD8� T cells. Analysis of tetramer (S510-518) fluorescence intensity
on virus-specific CD8� T cells. Total lymphocytes were harvested from
the CLN of i.c. infected mice at 7 and 12 days p.i. and stained directly
with CD8 and tetramer (S510-518) ex vivo. Dot blots represent tet-
ramer staining on gated CD8� T cells. The intensity of tetramer stain-
ing separated CD8� T cells into three populations: tetramer positive
(either tetramerhigh or tetramerlow) and tetramer negative. Density
blots show the results with cells isolated from one representative
mouse from each group at the indicated time points. The experiment
was performed in triplicate with three mice per group.

FIG. 5. Altered receptor phenotype on CCL3�/� virus-specific
CD8� T cells. CCL3�/� and CCL3�/� mice were infected i.c. with
MHV, and the activation state of virus-specific CD8� T cells was
analyzed at 7 and 12 days p.i. Cells isolated from the CLN were stained
for CD8, tetramer (S510-518), and either CD25, CD62L, or CD44.
Contour blots represent CD62L, CD44, and CD25 expression on gated
tetramer (S510-518)-positive, CD8� T cells. The percentage of tet-
ramer-positive cells expressing each receptor is shown in the upper
right quadrant for each blot. The contour blots shown represent gated
populations of tetramer-positive CD8� T cells isolated from one rep-
resentative mouse from each group. The experiment was performed in
duplicate with three mice per group.

TABLE 3. Characterization of infiltrating T cells within secondary lymphoid tissuesa

Organ Mouse Day p.i. No. of CD4� cells No. of CD8� cells No. of CD8� (S510–518) cells

Lymph nodesb CCL3�/� 7 (8.4 � 0.1) � 105 (5.7 � 0.4) � 105 (3.3 � 0.1) � 104

12 (9.6 � 0.3) � 104 (7.2 � 0.3) � 104 (5.5 � 0.8) � 103

CCL3�/� 7 (8.2 � 0.2) � 105 (5.0 � 0.1) � 105 (4.0 � 0.1) � 104

12 (9.1 � 0.2) � 105 (5.8 � 0.2) � 105 (1.3 � 0.2) � 105d

Spleenc CCL3�/� 7 (7.8 � 0.5) � 106 (2.3 � 0.2) � 106 (1.6 � 0.3) � 105

12 (6.1 � 0.3) � 105 (6.6 � 0.3) � 105 (2.0 � 0.4) � 104

CCL3�/� 7 (5.1 � 0.1) � 106 (2.5 � 0.6) � 106 (4.2 � 0.2) � 105d

12 (6.3 � 0.3) � 106 (2.6 � 0.3) � 106 (7.0 � 0.6) � 105d

a Total cells were determined by multiplying the percentage of doubly positive cells by the number of total lymphocytes isolated.
b Characterization, by flow cytometric analysis, of mononuclear cells within the CLN following i.c. infection with MHV. The data are representative of three separate

experiments with a minimum of three mice per group and are means � SEM.
c Characterization, by flow cytometric analysis, of mononuclear cells within the spleen following i.p. immunization with MHV. The data are representative of three

separate experiments with a minimum of three mice per group and are means � SEM.
d P � 0.01 compared with results for CCL3�/� mice.
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significant difference in mRNA levels for these cytokines was
detected within the CLN of MHV-infected CCL3�/� mice
compared with CCL3�/� mice (data not shown). These results
indicated a defect in CCL3�/� mice that restricted the migra-
tion potential of CD8� T cells. Furthermore, the absence of
CD8� T cells within the CNS of CCL3�/� mice may be due, at
least in part, to an altered receptor phenotype that reduces
trafficking out of secondary lymphoid organs and into the pe-
riphery.

Decreased CD8�-T-cell effector function in CCL3�/� mice.
To further characterize the contributions of CCL3 to the ac-
tivation state of CD8� T cells, IFN-� production was measured
by intracellular cytokine staining. Upon peptide restimulation,
23% of CD8� T cells within the CLN of i.c. infected CCL3�/�

mice produced IFN-� (Fig. 7A). These activated, IFN-�-pro-
ducing CD8� T cells were preferentially recruited to the CNS,
where nearly half (49%) of all infiltrating CD8� T cells were
capable of secreting IFN-� in response to peptide stimulation
(Fig. 7A). In contrast, only 5% of the CD8� T cells isolated
from the CLN of i.c. infected CCL3�/� mice were capable of
producing IFN-�. The altered activation state of CCL3�/�

CD8� T cells correlated with sequestered migration of CD8�

T cells to the inflamed CNS, as only 2% of T cells within the
CNS produced IFN-� (Fig. 7A). Furthermore, the ratio of
tetramer-positive CD8� T cells producing IFN-� within the
spleen was dramatically decreased in CCL3�/� mice (
30%)
compared with wild-type mice (
85%) (Fig. 7B). To identify
additional functional differences between the two populations

of CD8� T cells, CTL activity was assessed. CCL3�/� and
CCL3�/� mice were immunized with MHV, and splenocytes
were collected at 7 days p.i. Virus-specific CD8� T cells were
expanded for 6 days in the presence of the S510-518 peptide
and used for CTL analysis. Although the frequencies of virus-
specific CD8� T cells were similar in both CCL3�/� and
CCL3�/� mice following expansion (Fig. 8A), there was a
pronounced impairment in the cytolytic activity of CCL3�/�

compared with CCL3�/� CD8� T cells (Fig. 8B).

DISCUSSION

Previous studies have demonstrated an important role for
CCL3 in host defense as well as in contributing to inflamma-
tory pathology following microbial infection. Mice deficient in
CCL3 production exhibit increased susceptibility to disease
following infection with paramyxovirus (9), Aspergillus spp.
(28), Klebsiella pneumoniae (22), influenza virus (7), and cox-
sackievirus (7). In all cases, alterations in an effective host
response correlated with a paucity in leukocyte accumulation
at sites of infection. In addition, impaired CCL3 production
also has been shown to result in reduced lung pathology fol-
lowing respiratory syncytial virus infection of mice (12). There-
fore, the collective evidence clearly indicates an important role
for CCL3 in both host defense and disease by virtue of its
potent chemotactic properties.

Recent reports have also suggested a role for CCL3 in the
development of a proinflammatory Th1 response. Following

FIG. 6. Chemokine receptor gene expression in CCL3�/� and CCL3�/� mice. (A) CCR7, CXCR3, and CCR5 mRNA transcript levels were
determined by RPA analysis of total RNA obtained from CD8� T cells isolated from CLN of MHV-infected CCL3�/� and CCL3�/� mice at 7
and 12 days p.i. (B and C) Densitometric analysis of chemokine receptor mRNA transcripts obtained from the scanned autoradiograph. CCL3�/�

CD8� T cells exhibited a reduction in transcript levels for CXCR3 and CCR5 and an increase in CCR7 expression at both time points. Data are
the average normalized units representing the ratio of band intensity to L32 control. Nine CCL3�/� mice and nine CCL3�/� mice were used. A
similar receptor profile was observed in spleens of CCL3�/� and CCL3�/� mice (data not shown). Sham-infected CCL3�/� and CCL3�/� mice
displayed receptor profiles similar to those of MHV-infected CCL3�/� mice at day 7 p.i. (data not shown).
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infection with Cryptococcus neoformans, mice lacking CCL3
are unable to generate a protective Th1 response, and these
mice developed a skewed polarization toward a Th2 response,
as indicated by increased numbers of IL-4- and IL-10-produc-
ing T cells (30). Other studies have suggested that CCL3 can
directly inhibit IL-4 production (25), indicating that CCL3 may
be able to enhance Th1 responses while inhibiting Th2 polar-
ization. However, following MHV infection, there was no in-
crease in IL-4 or IL-10 transcript levels within the CNS, spleen,
or lymph nodes, indicating that a compensatory Th2 response
does not occur in the absence of a protective Th1 response
(data not shown). One possible reason for the discrepancy is
that following C. neoformans infection, both Th1 and Th2
responses can be generated, and this is dictated by the dose
and strain used for infection. However, following MHV infec-
tion, Th1 cytokines are prominently induced, with little to no
production of Th2 cytokines (31). Therefore, the absence of
CCL3 may lead to the generation of virus-specific T cells that
are nonpolarized rather than skewed toward a Th2 phenotype.

To generate an effector CD8�-T-cell response, a complex
combination of signals is required. It has become increasingly
clear that although signaling through the T-cell receptor
(TCR) can induce proliferation through both IL-2-dependent
and -independent pathways, it is not sufficient to instruct di-
viding T cells to differentiate. A second signal, either cell
bound or soluble, provided during TCR stimulation is required
to instruct virus-specific T cells to differentiate and become
activated effector cells (1). Importantly, our results indicate a
novel mechanism whereby CCL3 signaling contributes to the
activation and differentiation of effector CD8� T cells follow-
ing viral infection. CD8� T cells appeared to be selectively
affected, as CD4� T cells were capable of infiltrating into the
CNS of CCL3�/� mice by day 12 p.i. Whether this is the result
of differential regulation of CCL3 receptor expression and/or
differences in chemokine signaling requirements of this T-cell
subset is unknown. Recent studies by Karpus and colleagues
demonstrating that CCL3 can induce both nonpolarized and
naïve T cells to produce IFN-� in an IL-12- and IFN-�-inde-

FIG. 7. IFN-� production is diminished in CCL3�/� mice. CCL3�/� and CCL3�/� mice were infected i.c. with MHV, and the CD8�-T-cell
response to virus was analyzed at 7 days p.i. (A) Cells isolated from either the CLN or CNS were stained for CD8 and intracellular IFN-� following
stimulation with S510-518. Representative contour blots from flow cytometric analysis are shown. The overall percentages of doubly positive cells
are indicated in the upper right quadrants. (B) The percentages of tetramer-positive CD8� T cells capable of IFN-� production within the spleen
of CCL3�/� and CCL3�/� mice at day 7 postimmunization are compared. Data represent three experiments with four mice in each group. Twelve
CCL3�/� mice and 12 CCL3�/� mice were used (P � 0.05).
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pendent pathway further support a role for CCL3 in T-cell
activation (15, 16). Indeed, our study indicates that in the
absence of CCL3 signaling, tetramer-positive CD8� T cells
exhibit considerably muted IFN-� production and limited CTL
activity.

One possible explanation for the reduced effector activity
observed in virus-specific CD8� T cells from MHV-infected
CCL3�/� mice is the overall reduction in CD25 (IL-2R�)
expression at all time points analyzed. Studies utilizing IL-2R-
deficient mice revealed that IL-2 signaling is required for the
generation of effector CD8� T cells (26). Interestingly, al-
though IL-2 signaling has a prominent role in enhancing
CD4�- and CD8�-T-cell proliferation (3, 10, 29), the lack of
IL-2R did not completely inhibit anti-CD3- and anti-CD28-
induced proliferation, revealing an IL-2-independent, TCR-
mediated pathway of CD8�-T-cell proliferation. However,
perforin and granzyme levels were considerably reduced and
these cells lacked the ability to produce IFN-�, suggesting that
although IL-2 can contribute to T-cell proliferation, it is also
critical in the development of effector CD8� T cells. Studies

utilizing lymphocytic choriomeningitis virus infection in vivo
further support a role for IL-2 and IL-2R in the development
and maintenance of IFN-�-producing CD8� T cells (8, 36).
Although IL-2 production was not compromised in the ab-
sence of CCL3 (data not shown), expression of IL-2R was
severely impaired (Fig. 6), suggesting that CCL3-mediated up-
regulation of IL-2R may be the critical step in the development
of effector CD8� T cells during MHV infection.

One interesting finding was the presence of numerous tet-
ramerlow cells within the secondary lymphoid organs of
CCL3�/� mice following MHV infection. Analysis of TCR-�
chain expression indicated comparable expression of TCR on
the surfaces of both tetramerhigh and tetramerlow cells, suggest-
ing that the two populations of tetramer cells could be sepa-
rated by affinity to the S510-518 antigen (M. J. Trifilo and T. E.
Lane, unpublished observations). Alternatively, the inability to
clear virus from the CNS in CCL3�/� mice may also lead to
persistent antigen presentation within the CLN that could par-
ticipate in the downregulation of tetramer on the surface of
CD8� T cells. The absence of tetramerlow cells in lymphoid
tissues of CCL3�/� mice at day 7 p.i. and the preferential
expansion of these cells in the absence of CCL3 suggest that in
addition to the ability to influence the development of high-
affinity (tetramerhigh) CD8� T cells, CCL3 can also negatively
select against low-affinity virus-specific CD8� T cells.

Regardless of effector T-cell function, tetramer-positive
CD8� T cells were not able to migrate to the CNS in the
absence of CCL3. Although expression of CD62L is critical for
the recruitment of T cells into and within the secondary lym-
phoid organs, its downregulation is not required for migration
into peripheral tissue. Furthermore, CCL3 expression within
the CNS was not essential for T-cell recruitment, as deter-
mined by the ability of adoptively transferred CCL3�/� T cells
to migrate to the CNS within CCL3�/� mice. Therefore, ad-
ditional modifications in the receptor profile of CCL3�/�

CD8� T cells must exist. Analysis of chemokine receptor tran-
scripts on CD8� T cells within the secondary lymphoid organs
of CCL3�/� mice revealed increased expression of the lym-
phoid homing receptor CCR7 and the absence of the proin-
flammatory chemokine receptors CCR5 and CXCR3. Like
that of CD62L, downregulation of CCR7 is not necessary for
migration of T cells out of secondary lymphoid organs and into
the periphery. However, both CXCR3 and CCR5 and their
respective ligands (CXCL10 and CCL5, respectively) have
been previously shown to be critical in the recruitment of
activated CD4� and CD8� T cells into the CNS following
MHV infection (11, 18, 23). The results of these previous
studies, in addition to the observation that CD8� T cells lack-
ing CXCR3 and CCR5 do not infiltrate the CNS, indicate that
upregulation of proinflammatory chemokine receptors is a crit-
ical step required for the migration of activated T cells into the
CNS in response to MHV infection. Although it is possible that
chemokine receptor expression is also linked to IL-2-mediated
differentiation, the time course of chemokine receptor expres-
sion is not known at this time. Further analysis of chemokine
receptor expression within the secondary lymphoid organs
should delineate the precise sequence of events and demon-
strate whether CCL3 is able to directly or indirectly control
their transcription.

Our study also clearly indicates that CCL3 expression con-

FIG. 8. Reduced cytolytic activity in CCL3�/� CD8� T cells.
(A) To determine the cytolytic activity of virus-specific CD8� T cells,
splenocytes were isolated from i.p. immunized mice at 7 days p.i. Based
on tetramer analysis, the frequencies of virus-specific CD8� T cells
were comparable in both groups of mice following expansion in the
presence of S510-518 peptide for 6 days. (B) The cytolytic activities of
CCL3�/� and CCL3�/� cells were tested on RMAS target cells at the
indicated effector-to-target cell ratios (x axis). Open squares and open
circles represent CTL activity of CCL3�/� CD8� T cells following
stimulation with S510-518 and irrelevant peptide, respectively. Results
for CCL3�/� mice following stimulation with S510-518 and irrelevant
peptide are represented by closed diamonds and open triangles, re-
spectively. Cytolysis is shown as the percentage of specific cell lysis of
peptide-treated target cells minus that of untreated target cells (n � 6;
P � 0.01).
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tributes to macrophage accumulation within the CNS and de-
myelination following MHV infection of the CNS. This is con-
sistent with earlier findings showing that macrophages amplify
the severity of MHV-induced demyelination (6, 11, 18, 23, 24,
38). A recent study by Glass et al. (11) demonstrated that
macrophage migration and demyelination is limited in mice
lacking the CCL3 receptor CCR5. Therefore, the results pre-
sented in this study indicate that one mechanism by which
CCL3 attracts macrophages into the CNS may be through
signaling of CCR5 expressed on the surface of these cells.
Furthermore, the adoptive transfer studies support the idea
that CCL3 expression by activated T cells present within the
CNS is important in signaling macrophage recruitment to the
brain.

Collectively, these findings indicate that in the absence of
CCL3 signaling, CD8� T cells are capable of generating an
antigen-specific response but are unable to generate T cells
that are effective in host defense following viral infection of the
CNS by virtue of their (i) altered migration potential, (ii)
inability to produce IFN-�, and (iii) deficient cytolytic activity.
The data presented are the first to our knowledge that have
demonstrated an important role for CCL3 with regard to T-cell
differentiation and emigration in the context of viral infection.
In conclusion, the results presented support earlier studies
indicating that chemokine expression is crucial not only in
leukocyte recruitment to the site of infection but also in CD8�-
T-cell activation (6, 11, 18, 23, 24). The observation that CCL3
expression is necessary to amplify CD8�-T-cell effector func-
tion as well as specifically affect CD8�-T-cell and macrophage
trafficking following viral infection points to a nonredundant
role for CCL3 in host defense and disease.
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