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CC chemokine receptor 1 (CCR1) is found on a variety
of cells in the immune system and has been shown to
play an important role in the host response to patho-
gens. These studies used a murine model of virus-
induced exacerbation of allergic airway disease to
examine the role of CCR1 on T cells associated with
immune responses taking place in the lung. Lungs of
virally exacerbated allergic animals contained ele-
vated levels of interferon-� and interleukin-13 and
increased levels of CCR1 ligands CCL3 and CCL5.
CCR1 expression on T cells was increased in virally
exacerbated allergic animals over the level observed
in mice sensitized to allergen or exposed to viral
infection alone. Using mice deficient for CCR1, we
observed decreased airway hyperreactivity and Th2 cy-
tokine production from CD4� T cells when this receptor
was absent. Transfer studies demonstrated that neither
CD4� nor CD8� T cells from CCR1�/� mice migrated to
the lymph node as efficiently as wild-type T cells. Intra-
cellular cytokine staining in wild-type mice revealed
that CCR1� CD4� and CD8� T cells are associated with
interleukin-13 production. Thus, these studies identify
CCR1 as a potential target for alleviating T-cell accumu-
lation during exacerbation of asthmatic disease. (Am J
Pathol 2008, 172:386–394; DOI: 10.2353/ajpath.2008.070537)

Previous research has demonstrated a clear link between
CC chemokine receptor 1 (CCR1) and pulmonary inflam-
mation. Some of the first studies examining the function of
this receptor in inflammation demonstrated that its ab-
sence during an acute model of lung injury markedly
reduced inflammation, likely through reduced neutrophil
recruitment.1 Other studies have determined that CCR1�/�

mice have reduced pulmonary immune responses to a
variety of pathogens, including Aspergillis fumigatus2 and
respiratory syncytial virus (RSV).3 Additionally, in a mu-
rine model in which mice were first infected with RSV and

then sensitized and challenged with allergen, CCR1�/�

mice had reduced inflammation and reduced T-cell re-
cruitment to the lungs.4 This latter study demonstrated
that there was no difference between CCR1�/� and wild-
type mice in their response to allergen challenge alone.
Additionally, interleukin (IL)-13 transgenic mice crossed
with mice deficient in CCR1 displayed a diminished fibrotic
response in the lung, thus providing another link between
this receptor, chronic diseases, and Th2 cytokines.5

Because of the diversity of cell types expressing this
receptor, it has been difficult to identify the subset(s) of
CCR1-expressing cells that contribute to the pathogene-
sis seen in CCR1-dependent models of pulmonary in-
flammation. Some evidence suggests that CCR1 may be
important in the trafficking of subsets of T cells during
immune responses, although this has also been difficult
to determine because the CCR1 ligands CCL3 and CCL5
can also bind to CCR5. Thus the expression pattern of
CCR1 on T cells remains unclear. One study suggests
that expression of this receptor is restricted to memory
CD4� T cells,6 but another found the receptor to be
expressed equally by both naı̈ve and memory popula-
tions of CD4� T cells.7 Additionally, it has been shown
that CCL3 and CCL5 caused the migration and adhesion
of activated CD4�, but not CD8�, T cells in vitro.8 Fur-
thermore, whereas CCR1 can mediate cellular adhesion
events, CCR5 was shown to be responsible for diapede-
sis and changes in T-cell morphology.9

In the present studies a murine model of exacerbation of
allergic asthma was used to study the function of CCR1 on
T cells. In this model, mice were sensitized to allergen and
subsequently infected with RSV and challenged with aller-
gen during viral infection. Exacerbation of allergic asthma is
a clinically relevant medical condition that can occur when
a patient is exposed to both allergen and a viral infection at
the same time.10 CCR1 ligands CCL3 and CCL5 have been
found to be up-regulated during both allergic responses
and respiratory viral infections in humans11,12; thus, we
hypothesized that CCR1 may be important in mediating the
adaptive pulmonary immune response that occurs during
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exacerbation of allergic asthma. We found that CCR1 was
expressed on both CD4� and CD8� T cells during the
exacerbated response in the draining lymph nodes and
appeared to be associated with migration of these cells to
sites of inflammation. The data demonstrate that whereas
CCR1 appeared to be associated with decreased cytokine
production in CD4� T cells, CD8� T cells lacking CCR1 did
not proliferate in response to allergen. Importantly, IL-4 and
IL-13 and interferon (IFN)-�-expressing T cells from the
lymph nodes of wild-type mice expressed CCR1, thus sug-
gesting that CCR1 is an important receptor for inflammatory
cells. These data demonstrate that CCR1 may be important
in mediating migration of T-cell subsets to sites of inflam-
mation and may also define distinct functional subsets of
CD4� and CD8� T cells.

Materials and Methods

Mice

All mice used were supplied by Jackson Laboratories (Bar
Harbor, ME) except for BALB/c CCR1�/� mice, which were
the generous gift of Dr. Craig Gerard (Harvard Medical
School, Boston, MA). Mice were sensitized at 6 to 8 weeks
and were age-, strain-, and sex-matched in all experiments.

Cockroach Antigen (CRA) Sensitization

CRA sensitization was performed as previously de-
scribed.13 Briefly, female mice, 6 to 8 weeks of age, were
sensitized with a 1:1 mixture of CRA (Bayer Corp.,
Elkhart, IN) and incomplete Freund’s adjuvant (Sigma
Chemical, St. Louis, MO), both subcutaneously and in-
traperitoneally on day 0. On day 14, mice received an
intranasal challenge of CRA. All mice then received 40 �l
of CRA intratracheally on day 21 of sensitization.

Box Plethysmography

AHR was assessed by box plethysmography, as previously
described,14 using a Buxco system with Biosystem XA soft-
ware (Buxco, Wilmington, NC). Briefly, mice were anesthe-
tized with sodium pentobarbital and the trachea intubated
with an 18-gauge metal tube. Mice were ventilated using a
Harvard MiniVent (March, Germany) at 150 breaths/minute
with a 125 �l stroke volume. Methacholine (0.1 mg/kg) was
injected intravenously after taking a baseline measurement
of airway resistance, which divides the area under the curve
measurement of tracheal pressure by the area under the
curve measurement of box pressure. Airway resistance was
determined by subtracting the baseline measurement from
the measurement taken after methacholine injection.

RSV

The line 19 strain of RSV was originally isolated from an
infant at the University of Michigan hospital15 and grown
on HEp2 cells as previously described.16 Briefly, cells
were infected with 2.5 � 105 PFU and cultured for 3 days.

Cells were then lysed, supernatants clarified by centrifu-
gation, and virus plaqued on Vero cells using 1.8% meth-
ylcellulose Eagle’s modified essential medium media. Ti-
ter was determined by staining for RSV antigen as
previously described.16 Mice were intratracheally in-
fected with 40 �l of virus that contained between 3.0 and
4.0 � 106 PFU.

Exacerbation of Allergen-Sensitized Mice

On day 0, mice were sensitized subcutaneously and
intraperitoneally with CRA. Mice were challenged intra-
nasally with CRA on day 14, followed by RSV infection on
day 16. On day 21 mice were challenged intratracheally
with CRA, and data were collected on day 22.

Enzyme-Linked Immunosorbent Assay Analysis

Standardized sandwich enzyme-linked immunosorbent
assays were run as previously described.17 Plates were
coated with 15 �g/ml of polyclonal capture antibody
(R&D Systems, Minneapolis, MN) overnight at 4°C,
washed, and blocked with 2% bovine serum albumin [in
phosphate-buffered saline (PBS)] for 1 hour at 37°C.
Cell-free lung homogenate was then added to each well,
incubated for 1 hour at 37°C, and washed again. A bio-
tinylated polyclonal detection antibody was added at a
concentration of 3.5 mg/ml and incubated for 45 minutes
at 37°C. To obtain pg/mg protein, a Bradford assay was
done (Bio-Rad, Hercules, CA) on lung homogenates to
determine total protein concentration.

RNA Isolation and Quantitative Polymerase
Chain Reaction (qPCR)

RNA was isolated from the upper right lobes of lung using
Trizol (Invitrogen, Carlsbad, CA). Levels of mRNA were
assessed using qPCR analysis (TaqMan) with predevel-
oped primers and probe sets from Applied Bio-
systems (Foster City, CA) (IFN-� Mm00801778_m1, IL-13
Mm00434204_m1). Quantification of the genes of inter-
ests were normalized to GAPDH and expressed as fold
increases over the naive control for each treatment.

Bioplex Assay

T cells were isolated by magnetic activated cell sorting
(Millenyi Biotec, Auburn, CA) from the lymph nodes of
exacerbated mice 24 hours after intratracheal challenge
with CRA. Isolated subsets of T cells were then co-cul-
tured with bone marrow-derived dendritic cells (BMDCs)
grown for 5 days in GMCSF and selected by CD11c
expression using magnetic activated cell sorting. DCs
were then pulsed with CRA (30 �l/ml) or RSV (multiplicity
of infection, 1) for 2 hours in a 96-well plate, centrifuged,
and washed to remove antigen. T cells (2.0 � 105) were
then added to each well so that the final volume per well
was 200 �l. Supernatants were collected after 48 hours of
co-culture.
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Proliferation

Co-cultures were set up as described for the bioplex
assay. Cultures were incubated for 4 days, after which
1 �Ci of 3H thymidine was added per well, and cultures
were then incubated for an additional 24 hours. Plates
were harvested using a PHD harvester.

Cell Transfers

Purified T cells were collected from the lymph nodes of
exacerbated mice using positive selection (Miltenyi Bio-
tech, Auburn, CA). Of the positively selected cells 3.0 �
106 were used for transfer in all cases.

Flow Cytometry

Whole lungs from mice were dispersed in type IV colla-
genase, red blood cells were lysed, and total number of
cells per lung was counted. To obtain a total lung cell
count, a single cell suspension from the entire lung was
resuspended in 3 ml of buffer (PBS, 1% fetal calf serum,
and 0.1% sodium azide). Ten �l of this was diluted 1:100
in Turk’s stain (1 L PBS, 3 ml glacial acetic acid, 0.05 g
crystal violet), and 10 �l of this dilution was loaded onto
a hemocytometer. Three million cells were stained with
CD4 and CD8 antibody (Pharmingen, San Diego, CA).
Events, 8.0 � 105, were counted on a Cytomics FC 500
flow cytometer (Beckman-Coulter, Fullerton, CA) and the
data analyzed with Flowjo software (Treestar, Ashland,
OR). Single-cell suspensions were made from lymph
nodes by pressing the lymph nodes through a 100-�m
filter and then lysing red blood cells.

CCR1 staining was done after FC block by first incu-
bating cells with rabbit anti-human CCR1 antibody
(cross-reactive with murine CCR1) from Capralogics (cat-
alog number CI101; Hardwick, MA) for 20 minutes at a
dilution of 1:200. One �l of normal goat serum was then
added to each sample and incubated for an additional 10
minutes. A fluorescein isothiocyanate-labeled goat anti-
rabbit secondary (Jackson ImmunoResearch, West
Grove, PA) was then added at a dilution of 1:100 and
incubated for 20 minutes.

Carboxy Fluoroscein Succinimidyl Ester (CFSE)
Labeling

CFSE was obtained from Invitrogen and brought to 10
mmol/L concentration in dimethyl sulfoxide. A 2 �mol/L
stock solution was used to label cells at 5.0 � 106/ml at
room temperature in the dark in PBS for 20 minutes. Cells
were washed three times to remove excess.

Statistics

All statistics were done using Graphpad Prism 4 (San
Diego, CA). Significance was determined using one-way
or two-way analysis of variance with 95% confidence
intervals where applicable.

Results

RSV Exacerbates the Allergic Response and
Increases CCR1 Ligand Production

To determine the effects of RSV infection occurring after
allergen sensitization, wild-type mice were sensitized
with CRA on day 0 and then infected with RSV intratra-
cheally on day 16. On day 21 mice received an intratra-
cheal challenge of CRA allergen, and 1 day later (day 22
after sensitization) mice were sacrificed for whole lung
analysis. The day 22 time point, at 24 hours after CRA
challenge and 6 days after RSV infection, was chosen
because at this time only modest increases in airway
hyperreactivity (AHR) were observed with RSV infection
alone.18 We observed both a decrease in the ratio of
CD4:CD8 cells in the airways of RSV-exacerbated (CRA/
RSV) mice and an increase in the percentage of both
CD4� and CD8� T cells in the BAL of mice infected with
RSV, regardless of whether these mice were exacerbated
(data not shown). Additionally, there was a significant
increase in AHR in exacerbated mice compared to mice
that were either challenged with allergen (CRA) or in-
fected with virus alone.

Chemokine and cytokine analysis by enzyme-linked
immunosorbent assay of whole lung homogenates
showed an overall increase in cytokine and chemokine
production in CRA/RSV mice compared to CRA or RSV
groups. IFN-� and IL-13 levels in the lungs of CRA/RSV
mice were significantly increased compared to mice re-
ceiving CRA sensitization or RSV infection alone (Figure
1, B and C). Moreover, CCR1 ligands (CCL3 and CCL5)
were significantly elevated in the lungs of CRA/RSV mice
compared to mice receiving CRA sensitization alone (Fig-
ure 1, D and E). However, there were no increases in the
levels of IL-4 or IL-5 in whole lung homogenates. To
assess further the differences between the three groups
of animals, we examined histological sections of paraffin-
embedded lungs taken 24 hours after the final challenge
with CRA (Figure 1F). Although both CRA and CRA/RSV
animals exhibited eosinophilic infiltrate, no difference
was found between the two groups when the number of
eosinophils associated with major airways was enumer-
ated (data not shown). The cellular infiltrate observed in
RSV-infected mice was primarily mononuclear in nature.
Whereas alteration of airway epithelial cells was promi-
nent in all three treatment groups, the damage to airway
epithelium appeared most severe in the CRA/RSV ani-
mals, in which separation of cells from the basement
membrane was noted. Thus, the combination of allergen
and RSV appeared to increase the airway damage and
alter the composition of the cellular infiltrate, which in-
cluded both eosinophil and lymphocyte populations.

Because we observed increases in both IFN-� and
IL-13, two cytokines produced by T cells, in the lungs of
CRA/RSV mice 24 hours after allergen challenge, we next
assessed the contribution of T cells to the exacerbation of
the asthmatic response. To better understand the T-cell
response during exacerbation, we analyzed the number
of CD4� and CD8� T cells in the lymph node and lung in
CRA, RSV, and CRA/RSV mice at 0, 8, and 24 hours after
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CRA challenge (Figure 2, A–D). At all time points exam-
ined, the total number of T cells in the lungs and lymph
nodes of CRA/RSV mice was significantly higher than the
number found in CRA mice. There was also a significant
difference in the number of CD4� T cells in the lungs of
CRA/RSV mice at 8 hours after allergen challenge when
compared to mice infected with RSV alone (Figure 2C).
However, the most striking differences between CRA/
RSV mice and mice infected only with RSV occurred in
the lymph node. At 8 hours after CRA challenge, there
were significantly more CD4� and CD8� cells in the
lymph nodes of CRA/RSV mice.

When we examined the expression of CCR1 on T cells,
we found that peak expression occurred 8 hours after
antigen challenge. There was greater number of CCR1�

T cells in the lymph nodes of RSV mice than in the lymph
nodes of CRA mice 8 hours after CRA challenge. Further-
more, an additional increase of CCR1� CD4� T cells was
observed in the lymph nodes of CRA/RSV mice (Figure 2,
A and B). We also found a significant difference in the
number of CCR1� CD4� and CD8� T cells in the lungs of
CRA/RSV mice at 8 hours after challenge when com-

pared to CRA mice or RSV mice (Figure 2, C and D).
Collectively, these data suggest that CCR1 may be im-
portant in contributing to the exacerbated phenotype by
mediating migration of T cells to both the lung and lymph
node.

CCR1�/� CRA-Sensitized Mice Do Not Have an
Exacerbated Phenotype on RSV Infection

It has previously been reported that the airway hyperre-
sponsiveness of CCR1-deficient mice is not different from
wild-type mice on allergen challenge alone.4 Because we
observed an increase in CCR1� T cells in the lungs of
CRA/RSV mice, we next determined if the absence of
CCR1 altered AHR in the CRA/RSV model. Figure 3A
demonstrates that there was no difference in AHR mea-
surements between CCR1�/� and wild-type CRA mice or
RSV mice at day 6 after infection. However, although
wild-type CRA/RSV mice had increased AHR, we ob-
served no increase in AHR in CCR1�/� CRA/RSV mice.
Analysis of whole lung mRNA revealed less IL-13 tran-
script in CCR1�/� lungs than in wild-type lungs but no
difference in the amount of IFN-� detected between the
two groups (Figure 3B). The number of CD4� and CD8�

T cells in the lungs and lymph nodes of CCR1�/� or
wild-type CRA/RSV mice was assessed by flow cytometry
(Figure 3, C–F). Whereas no difference in the numbers of
CD4� or CD8� T cells in the lungs of CRA/RSV CCR1�/�

mice was found when compared to wild type (Figure 3, E
and F), there was a significant decrease in the number of
T cells in the draining lymph nodes of CCR1�/� CRA/RSV
mice at 8 hours after allergen challenge (Figure 3, C and
D). Analysis of other cell populations by flow cytometry,

Figure 1. Viral infection of allergen-sensitized mice increases AHR and
inflammatory cytokines in the lung. A: AHR of mice sensitized to CRA,
infected with RSV, or in a combined model. *P � 0.0189 when compared to
CRA and 0.0043 when compared to RSV. The dashed line represents AHR of
naı̈ve mice. We also measured amounts of IFN-� (B) *P � 0.0139 when
compared to CRA, IL-13 (C) *P � 0.0001 when compared to CRA and 0.0025
when compared to RSV, CCL3 (D) *P � 0.0394 when compared to CRA. E:
CCL5 *P � 0.0260 when compared to CRA. F: H&E staining of lung sections
showing representative airways of CRA, RSV, and CRA/RSV mice. n � five
mice/group/experiment, data are pooled from three experiments.

Figure 2. Increased total T and CCR1� T cells in the lung and lymph node
during exacerbation. A and B: The number of total and CCR1�, CD4�, and
CD8� T cells was assessed in the lymph node of mice infected with RSV,
sensitized to CRA, or receiving both treatments 8 hours after CRA challenge.
**P � 0.001 compared to RSV. At this point both RSV and CRA/RSV treat-
ments had significantly more total T cells in the lymph node than CRA
treatment alone. !!P � 0.001 compared to CRA and RSV. !P � 0.01 compared
to CRA. C and D: Total number of T cells in the lung under the same
conditions as A and B. **P � 0.001. At all time points, both RSV and CRA/RSV
treatments had significantly more total T cells in the lung than CRA treatment
alone. C: !P � 0.01 compared to CRA and RSV. D: !P � 0.05 compared to CRA.
n � three mice/group/experiment, data are pooled from three experiments.
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including CD11b�/CD11c�, CD45R�/CD11c�, and F480�

cells revealed no difference between wild-type and
CCR1�/� mice after CRA/RSV treatment. Additionally the
number of eosinophils associated with major airways in
CCR1�/� and wild-type CRA/RSV mice 24 hours after
CRA was the same, as quantified by examination of his-
tological sections.

CCR1�/� T Cells Are Deficient in Lung and
Lymph Node Migration

Because we observed a decrease in CD4� T cells in the
lymph nodes of CCR1�/� CRA/RSV mice, we next asked
whether these cells were appropriately trafficking to the
lungs and lymph nodes. In these experiments, we used
the pan-T cell marker CD90 to purify T cells from the
draining lymph nodes of wild-type and CCR1�/� CRA/
RSV mice 24 hours after allergen challenge. T cells were
then labeled with CFSE and transferred into exacerbated
wild-type mice 1 day before final allergen challenge.
Cells from both strains of mice were �95% viable by
trypan blue staining before transfer. At 24 hours after
allergen challenge, both lymph nodes and lungs were
harvested from recipient CRA/RSV mice, and the number
of CFSE� CD4� and CD8� T cells were quantified. The
number of CCR1�/� CD4� and CD8� T cells recruited to

the lymph node was significantly lower compared to the
number of wild-type T cells (Figure 4A). Additionally, the
number of donor CD4� from CCR1�/� mice recruited to
the lung was less compared to the number of donor T
cells recruited from wild-type mice (Figure 4B). Thus,
CCR1 is an important receptor for recruiting T cells to
both the lung and the lymph node.

CCR1�/� T Cells Produce Less Inflammatory
Cytokines in Response to Antigen

Although several studies have examined mechanisms
contributing to the exacerbation of allergic responses by
viral infection, the cytokine profile of responding T cells
has not previously been studied.19–21 We sought to de-
termine whether T cells from exacerbated mice could
produce cytokines in response to both allergen and viral
antigens. Furthermore, we wanted to determine whether
this cytokine profile was altered when using T cells from
CCR1�/� mice. To do this we isolated T cells from the
draining lymph nodes of CCR1�/� or wild-type CRA/RSV
mice and co-cultured them with antigen-pulsed BMDCs.
Cells were co-cultured for 48 hours and cytokines mea-
sured in cell-free supernatants by luminex assay (Figure
5, A–D). CD4� and CD8� T cells from exacerbated wild-
type mice were able to produce cytokines when cultured
with either allergen-pulsed or virally infected BMDCs.
Interestingly, we found that CD4� T cells from CCR1�/�

CRA/RSV mice produced less Th1 and Th2 cytokines on
exposure to RSV-pulsed BMDCs and less Th2 cytokines
in response to CRA-pulsed DCs (Figure 5, A and C).
There were no significant differences in the ability of
CD8� T cells from either strain to produce IFN-� when
stimulated by RSV-pulsed BMDCs (Figure 5D).

To characterize further the differences between the
wild-type and CCR1�/� strains, CD4� and CD8� T cells
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viral exacerbation of allergic airway disease. A: AHR of CCR1�/� and wild-
type mice was assessed 24 hours after antigen challenge or 6 days after RSV
infection. The dashed line represents AHR of naı̈ve mice. *P � 0.0022. B: The
amount of transcript for IL-13 and IFN-� was assessed using whole lung
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hours after antigen challenge. A: *P � 0.0081 for CD4� cells and **P � 0.0085
for CD8� cells. B: *P � 0.0003, n � four mice/group/experiment, data are
pooled from two experiments.
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were again isolated from the lymph nodes of CCR1�/�

and wild-type CRA/RSV mice and used in a proliferation
assay. Proliferation was measured in vitro by 3H thymidine
uptake after 4 days of co-culture of isolated T cells with
BMDCs and allergen. CD4� T cells from wild-type and
CCR1�/� CRA/RSV mice proliferated equally well in re-
sponse to allergen (Figure 5E). Interestingly, we found
that whereas wild-type CD8� T cells were able to prolif-
erate in response to CRA, CCR1�/� CD8� T cells did not
proliferate when co-cultured with allergen-pulsed BMDCs
(Figure 5F). Additionally, we found no difference in the
ability of CD4� or CD8� T cells from either strain to
proliferate in response to RSV (data not shown).

To determine whether the lower airway hyperrespon-
siveness observed in CCR1�/� CRA/RSV mice was at-
tributable specifically to a defect in T cells, we transferred
CD4� or CD8� T cells purified from the draining lymph
nodes of wild-type CRA/RSV mice into CCR1�/� CRA/
RSV mice. T cells were isolated from wild-type mice 24
hours after the final CRA challenge and transferred on the

same day into CCR1�/� mice on day 20 of the exacer-
bation model. Results demonstrate that both CD4� and
CD8� T cells could reconstitute the reduced AHR ob-
served in CCR1�/� mice (Figure 5G).

CCR1 Is Expressed on Cytokine-Producing
Cells

Because there was a deficiency in the ability of CCR1�/�

CD4� T cells to produce both Th1 and Th2 cytokines in
response to antigen, the link between the expression of
CCR1 and cytokine production was further investigated.
To determine whether CCR1� T cells were responsible
for the production of Th1 or Th2 cytokines, lymph nodes
from wild-type exacerbated mice were taken 8 hours after
antigen challenge. Whole lymph node cells were stimu-
lated with PMA and ionomycin for 6 hours and then
stained for both CD4 and CD8 markers, as well as for the
CCR1 receptor. Additionally, we stained intracellularly for
cytokines IFN-�, IL-4, or IL-13. We found that the CCR1�

CD4� T-cell population had a higher frequency of cells
producing cytokines than the bulk population of CD4� T
cells (Figure 6). Whereas IL-4- and IFN-�-producing
CD4� cells were significantly enriched by gating on the
CCR1� population, IL-13� CD4� cells increased by
nearly 10-fold when gating on this population (Figure 6G).
To characterize further the role of CCR1 on CD8� T cells,
we examined the cytokine expression of this population
after stimulation with PMA and ionomycin. Although we
were unable to detect any IL-4 production from CD8� T
cells after stimulation, we did find a slight increase in the

Figure 5. CCR1�/� T cells have reduced cytokine production and prolifer-
ation in response to restimulation with allergen or virus. A–D: T cells isolated
from the draining lymph node of exacerbated animals were restimulated with
either RSV- or CRA-pulsed BMDCs for 48 hours. Shown is one representative
of three experiments. #P � 0.0022, ##P � 0.0001, *P � 0.0001, **P � 0.0038,
***P � 0.0022. E and F: Proliferation of CD4� and CD8� T cells isolated from
the lymph nodes of CCR1�/� or wild-type mice. T cells (2.0 � 105) were
co-cultured with 4.0 � 104 pulsed BMDCs for 5 days and pulsed with 3H
thymidine 24 hours before analysis. *P � 0.001 by one-way analysis of
variance when compared to WT CD8� T cells cultured with CRA-pulsed
BMDCs. n � three mice/group/experiment, data are pooled from four
experiments. G: Transfer of wild-type CD4� or CD8� T cells into CCR1�/�

mice restores AHR. #P � 0.05 compared to CCR1�/� *P � 0.01 compared to
CCR1�/�. n � four mice/group/experiment, data are pooled from three
experiments.

Figure 6. CCR1 is associated with cytokine production from CD4� T cells.
Lymph node cells (2.0 � 106) were taken from exacerbated wild-type mice
8 hours after allergen challenge and stimulated with PMA and ionomycin for
6 hours in the presence of brefeldin A. Intracellular staining for IL-4, IL-13,
and IFN-� was performed to assess cytokine production. A, C, E: Percentage
of total CD4� T cells producing IL-4, IL-13, or IFN-�. B, D, F: Percentage of
CCR1� CD4� T cells producing these same cytokines. G: Quantification of
the percentage of total and CCR1� CD4� T cells producing cytokines. *P �
0.0015 **P � 0.0025. F: Percentage of total or CCR1� CD8� T cells producing
cytokines. *P � 0.0001. ND � not detected n � three mice/group/experi-
ment, data are pooled from two experiments.
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percentage of IL-13� cells when gating on the CCR1�

population. Additionally, we observed a negative associ-
ation between CCR1 expression and the production of
IFN-�. These data clearly demonstrate that CCR1 is as-
sociated with subsets of CD4� T cells that produce cy-
tokines in response to allergen and viral antigen and of
CD8� T cells that produce IL-13 and less IFN-� than the
bulk population.

Discussion

The studies presented here indicate that CCR1 expres-
sion on T cells is linked to the exacerbation of allergic
airway disease induced by viral infection through in-
creased recruitment of T cells to the lung and lymph
node. Although several studies have linked the absence
of CCR1 to a decreased Th2 response2,18 and empha-
sized a link between IL-13-driven fibrotic responses and
CCR1,5 no previous research has specifically shown that
T cells are responsible for this phenotype. The above
studies demonstrate that allergic CCR1�/� mice are not
exacerbated when infected with RSV, and this may be
attributable to a lack of activated T cells being recruited
to both the lung and the lymph node. No previous study
has linked CCR1 expression on T cells to a change in
phenotype of a respiratory inflammation model. These
data imply that CCR1 may be an important T-cell chemo-
kine receptor during inflammatory responses.

Other chemokine receptors have been reported to
mark Th1 or Treg subsets of CD4� T cells,22–24 but CD4�

T cells from CCR1�/� mice produced less of both the Th1
cytokine IFN-� and the Th2 cytokines IL-4 and IL-13 on
restimulation with antigen. Furthermore, intracellular cy-
tokine staining of lymph node T cells from wild-type ani-
mals revealed that CCR1 is associated with CD4� T cells
producing IFN-�, IL-4, and/or IL-13. These data have
several implications. Firstly, whereas several studies
have demonstrated a link between removal of the CCR1
gene and decreased IL-13 expression, none have shown
which cell types might be contributing to pathology
through IL-13 production in CCR1�/� mice.2–5 Here we
demonstrate that CCR1� CD4� T cells produce more
IL-13 than the bulk population of CD4� cells. However,
CCR1� CD4� T cells also produce more IFN-�. Thus, a
second implication from these data are CCR1 may not be
restricted to either the Th1 or Th2 cell subset but instead
may be expressed by both during T-cell activation. We
have found that a percentage of both CCR1� CD8� and
CD4� T cells express the very early activation marker
CD69, again suggesting that CCR1 is a marker associ-
ated with activation (data not shown). Although much
research has been done on the effect of CCR1 deficiency
in models that promote a Th2 phenotype, one study has
also shown that CCR1�/� mice have lower IFN-� produc-
tion during Th1 granuloma formation.25 Additionally, sev-
eral chemokines that bind to CCR1 are produced during
respiratory viral infection, which classically elicits a Th1
response.26,27

We have shown that CCR1� T cells are recruited to
the lung during viral infection. Initiating an allergic

response during the viral infection further increased
the number of CCR1� T cells in both the lung and the
lymph node, likely attributable to increased production
of CCR1 ligands induced during the exacerbated re-
sponse. Whereas the number of T cells in the lungs of
CCR1�/� CRA/RSV mice remained similar to wild-type
CRA/RSV mice throughout the time course of allergen
challenge, the number of T cells in the lymph node was
significantly different between wild-type and CCR1�/�

CRA/RSV mice. These data, and the fact that T cells
from CCR1�/� mice do not migrate to the lung or lymph
node as efficiently as wild-type T cells, suggest that
CCR1 is an important T-cell receptor during the pro-
gression of severe inflammation. Whereas other stud-
ies have shown that the absence of CCR1 can protect
against acute lung injury1,28 or severe sepsis,29 both of
these effects were attributed to innate immune re-
sponses. One study demonstrating that CCR1�/� mice were
protective in a murine model of cornea transplantation
found less infiltrating CD3� cells and an impaired de-
layed type hypersensitivity response.30 This latter re-
search concurs with our own findings that CCR1� T cells
are important during inflammatory processes.

These data demonstrated that T cells from the drain-
ing lymph nodes of exacerbated mice could respond to
both allergen and viral antigens, a novel finding that
may help to explain why the exacerbation response is
so severe. It is our contention that the accumulation of
T cells in wild-type animals is attributable to an influx of
a combination of allergen-specific and virus-specific
cells that are responding to CCR1 ligands produced as
a result of viral infection. Allergen-responsive T cells
may share a similar chemokine receptor profile as T
cells recruited to eliminate virus. The enhanced ex-
pression of CCR1 ligands during viral infection could
cause increased AHR and cytokine production by mi-
gration of allergen- and virus-specific T cells into the
lung and lymph nodes. Previous studies using influ-
enza virus and memory T cells specific for OVA have
demonstrated increased OVA-specific CD4� and
CD8� T-cell recruitment to the lung and BAL occurs in
the presence of viral infection,31,32 further implicating
that a viral response can attract nonviral responsive
cells to the site of inflammation. However, for exacer-
bation to occur, allergen must be present to elicit a
response from allergen-specific T cells. Two human
studies examining the relationship between exacer-
bated responses and the presence of allergen found
this to be the case.10,33

Collectively, the above studies suggest that CCR1
has differential roles on CD4� and CD8� T cells.
Whereas CCR1� CD4� T cells display enhanced in-
flammatory cytokine production, we observed no de-
fect in the cytokine production of CD8� T cells from
CCR1�/� CRA/RSV mice in response to either allergen
or viral antigen. However, there was a significant re-
duction in the number of donor CCR1�/� CD8� T cells
recruited to the lymph node when compared to wild
type. Furthermore, we observed a significant differ-
ence in the ability of CCR1�/� CD8� T cells to prolif-
erate in response to allergen when compared to wild-
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type CD8� T cells, suggesting that CCR1� CD8� T
cells contribute to allergic responses. Intracellular cy-
tokine staining of wild-type CD8� T cells from the
lymph nodes of CRA/RSV mice suggests that CCR1 is
associated with IL-13-producing CD8� T cells. Further-
more, we observed a decrease in IFN-�� cells in the
CCR1� CD8� T-cell population as compared to total
CD8� T-cell population. Altogether, these data sug-
gest that CCR1� T cells may contribute to the outcome
of allergic responses.

In conclusion, these data indicate that CCR1 is in-
volved in the exacerbation of allergen-induced re-
sponse and is expressed by distinct subsets of CD4�

and CD8� T cells. This effect may not be specific to
RSV and may account for exacerbation of asthma by
other respiratory viruses as well. Several respiratory
viruses have been shown to cause production of CCL3
and CCL5 in humans.12,34 CCR1 and its ligands could
provide a viable target for future therapies to regulate
T-cell-mediated inflammation, especially in virally ex-
acerbated diseases.
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