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Abstract
CCR4 is purported to be a Th type 2 (Th2) cell-biased receptor but its functional role is unclear.
Recent studies suggest that chemokine receptor expression and function are more complex in vivo
and raise doubts regarding restricted CCR4 expression by Th2 cells. To address these issues, we
analyzed the role of CCR4 in highly polarized models of Th type 1 (Th1) and Th2 cell-mediated
pulmonary granulomas, respectively, elicited by i.v. challenge of primed mice with either
mycobacterial purified protein derivative or schistosomal egg Ag-coated beads. CCR4 agonists were
expressed during both responses, correlating with a shift of CCR4+CD4+ T cells from blood to lungs.
CCL22 dominated in draining nodes during the Th1 response. Analysis of CD4+ effector T cells
revealed CCR4 expression and CCR4-mediated chemotaxis by both IFN-γ and IL-4 producers.
Studies of CCR4 knockout (CCR4−/−) mice showed partial impairment of the local type-2 cytokine
response and surprisingly strong impairment of the Th1 response with abrogated IFN-γ production
during secondary but not primary challenge. Adoptive transfer indicated CCR4−/−CD4+ Th1 cell
function was defective but this could not be reconstituted with wild-type (CCR4+/+) CD4+ T cells
indicating involvement of another CCR4+ population. Coculture of CCR4+/+CD4+ T cells and
CCR4−/− dendritic cells revealed intact IL-2 but impaired IFN-γ production, pointing to a role for
CCR4+ dendritic cells in effector cell expression. Therefore, CCR4 is not Th2-restricted and was
required for sustenance and expression of the Th1 effector/memory response to mycobacterial Ags.

The CD4+ effector T cell is a well-recognized component of the adaptive immune response
(1). Among the subtypes of CD4+ T cells are Th type 1 (Th1)3 cells secreting IFN-γ and TNF-
α and Th type 2 (Th2) cells secreting IL-4, IL-5, and IL-13, which participate in cell-mediated
and allergic-type inflammatory responses, respectively (2). T cell migration through tissue
microenvironments is thought to involve chemokine-chemokine receptor interactions (3).
Studies of in vitro-generated populations suggested that Th1 and Th2 cells display differential
expression of chemokine receptors (4). Th1 cells were reported to express CXCR3 and CCR5
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expression whereas Th2 cells selectively expressed CCR3, CCR4, and CCR8 (5–11). Yet,
recent in vivo studies suggest that patterns of chemokine receptor expression are more complex
and flexible than in vitro polarization studies initially suggested. This has been especially the
case with regard to the putative Th2 cell-restricted receptors CCR3, CCR4, and CCR8. For
example, no reports have established an essential role for CCR3 in Th2 function, possibly due
to receptor redundancy. In addition, cytokine-producing T cell subsets and their chemokine
receptor expression are more diverse than originally envisioned. Recently, we demonstrated
that during the murine adaptive response to parasite helminth egg Ag, CCR8 associated with
a dominant IL-10-producing CD4+CD25+ T cell population, rather than a classic IL-4-
producing CD4+ Th2 population (12).

CCR4, another chemokine receptor widely purported to be Th2 biased, has likewise become
subject to debate. In support of a role in Th2 function, CCR4 or its ligands have been reported
in asthmatic lungs and among peripheral blood T cells during atopic dermatitis (13–15).
Contrary to this notion, CCR4 genetic deletion had no effect in a mouse model of Th2-
dependent, OVA-elicited airway inflammation (16). In a detailed analysis of human peripheral
blood T cells, CCR4 expression was detected on isolated human CD4+ memory T cells with
Th1 as well as Th2 characteristics (17). CCR4 is also reportedly expressed by human peripheral
blood CD4+CD25+ T regulatory cells (18). In addition, the specific ligands for CCR4, CCL17
(thymus and activation-regulated chemokine) and CCL22 (macrophage-derived chemokine)
(19), reportedly induce migration of both Th2 and Th1 cells in vitro (20,21). Finally, the
receptor is not limited to T cells because CCR4 mRNA is reportedly expressed by platelets,
NK cells, macrophages, and dendritic cells (DCs) (22–25). In view of these reports, it is clear
that the role of CCR4 with regard to T cell function needs better definition.

To analyze the role of CCR4 in Th cell function, we tested the hypothesis that CCR4 is a
selective receptor for Th2 cell function by directly comparing CCR4 manipulation in highly
defined experimental models of pathogen Ag-elicited Th1 and Th2 cell-mediated granuloma
formation. We have established that anamnestic Th1 and Th2 responses can be studied in mice
by sensitizing with protein Ags of Mycobacterium bovis purified protein derivative (PPD) or
Schistosoma mansoni eggs (schistosomal egg Ag (SEA)) followed by an i.v. challenge of
agarose beads covalently coupled to the respective sensitizing Ags (26). In these models, the
Ag-coated beads embolize to the lung where they induce granulomatous inflammation
histologically similar to that generated by live infections; but unlike granulomas generated
during the infection, the Ag-bead lesions are synchronized and can be compared in parallel.
Our results refuted the base hypothesis. Comparison of type-1 and -2 granulomas revealed that
the ligands CCL17 and CCL22 were produced in draining lymph nodes and challenged lungs
during both responses and were associated with the accumulation of CCR4 transcripts in
granulomatous lungs. Analysis of chemokine receptor transcripts among Ag-elicited, cytokine-
secreting, effector CD4+ T cells from the lungs of mice undergoing type-1 and -2 immune
responses indicated that both IFN-γ- and IL-4-secreting cells expressed transcripts for CCR4
and responded to CCR4 ligands. Correspondingly, CD4+ T cells isolated from type-1 and -2
lung granulomas by laser capture microdissection (LCM) exhibited comparable levels of CCR4
transcript expression. Thus, CCR4 was not Th2 restricted, rather CCR4+CD4+ effector cells
were recruited during both type-1 and -2 granuloma formation. Functional analyses indicated
that CCR4 −/− mice generated type-2 granulomas with partially impaired Th2-cytokine
production in response to the Th2-eliciting S. mansoni egg Ags. Unexpectedly, Th1-mediated
granuloma formation was compromised as was the recall response in draining lymphoid tissue.
Adoptive transfer and in vitro analyses suggested that CCR4 mediates T cell-DC interactions
were required for the survival or persistence of Th1 effector/memory cells as proposed by
Baekkevold et al. (27) in a cutaneous hypersensitivity model. Our findings indicate that CCR4
participates in both Th1 and Th2 granulomatous responses and suggest that establishment of
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CD4+ Th1 effector/memory during type-1 pulmonary granuloma formation requires
interaction of CCR4+ T cells and APCs.

Materials and Methods
Animals

Mice lacking the CCR4 gene (CCR4−/−) were provided by Dr. C. A. Power (Serono
Pharmaceutical Research Institute, Geneva, Switzerland); they were generated as previously
described and were bred onto a C57BL/6 background (16). Knockout status was confirmed by
RT-PCR analysis using gene-specific primers and probes. CBA and C57BL/6 mice were
obtained from The Jackson Laboratory. S. mansoni-infected Swiss outbred mice were obtained
from Biomedical Research Institute. All mice were maintained under specific pathogen-free
conditions and provided with food and water ad libitum. All animal studies have been approved
by an institutional review board.

Induction of primary or secondary type-1 or -2 immune response
Secondary type 1 or 2 lung Ag-bead granulomas were generated as previously described
(28). Briefly, mice were sensitized either s.c. with 20 μg of Mycobacterium bovis PPD
(Department of Agriculture, Veterinary Division, Ames, IA) incorporated into 0.25 ml of CFA
(Sigma-Aldrich) or i.p. with 3000 S. mansoni eggs in 0.5 ml of PBS. After 14 days, mice were
challenged i.v. with 6000 Sepharose 4B beads covalently coupled to either PPD or soluble
SEA (World Health Organization, Geneva, Switzerland). To generate a primary response, mice
were challenged i.v. with Ag-coated beads without prior sensitization.

Flow cytometry
Abs used to identify murine cell populations included anti-CCR4 (Abcam), PE-conjugatedanti-
CD3(BDBiosciences),andcytochrome-conjugatedanti-CD4 (eBioscience). FITC-conjugated
anti-goat IgG (Vector Laboratories) was used as a secondary Ab. Isotype controls included
goat IgG (Sigma-Aldrich), hamster IgG1, and rat IgG2b (BD Biosciences). After blocking with
anti-CD16/CD32 (BD Biosciences) for 10 min, cells were stained with unconjugated Abs for
20 min on ice followed by the FITC-conjugated secondary Ab for an additional 20 min. Cells
were washed with 2% FBS in PBS. Cells were stained with the remaining Abs for 20 min. A
FACScan flow cytometer with CellQuest software (BD Biosciences) was used for data
acquisition and analysis.

Granuloma and lymph node cell isolation and culture
Following perfusion with cold RPMI 1640 (JRH Biosciences), lungs, excluding trachea and
major bronchi, and mediastinal lymph nodes were excised. Lungs were homogenized in a
Waring blender. Intact granulomas were collected for culture or were digested with 1000 U/
ml type IV collagenase to obtain individual cells for flow cytometry. Lymph nodes were teased
into a single-cell suspension. Granulomas and cells were cultured in RPMI 1640 plus FBS at
1500 lesions/ml or 5 × 106 cells/ml in the presence or absence of 10 μg/ml PPD or SEA. Cultures
were incubated at 37°C with 5% CO2 for 24 h. Supernatants were collected by centrifugation
and measured by ELISA.

Laser capture microdissection
Following perfusion with cold RPMI 1640, lungs were inflated by injecting 1–2 ml of a 2:1
mixture of PBS and OCT into the trachea. Individual lobes were excised and snap frozen in
OCT. Eight-micrometer-thick tissue sections were mounted onto glass slides. Slides were
stained with biotinylated CD4+ Ab at 5 μg/ml (BD Pharmingen) for 2 min followed by
streptavidin-peroxidase (Sigma-Aldrich) at 1:20 for 2 min and diaminobenzidine for 5 min
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(Vector Laboratories). Staining was followed by dehydration in 70, 95, 100% ethanol and
xylene. LCM was performed using the PixCell IIe with CapSure Macro LCM Caps (Arcturus
Bioscience). RNA was isolated using PicoPure RNA Isolation kits (Arcturus Bioscience)
according to manufacturer’s instructions.

Enrichment of CD4+ T cell subpopulations
Single-cell suspensions were incubated with CD3+ or CD4+ T cell enrichment mixture (Stem
Cell Technologies) and washed through a magnetic separation column according to
manufacturer’s instructions. To isolate lung cytokine-secreting CD4+ populations MACS
Cytokine Secretion Assay kits (Miltenyi Biotec) were used as previously described (12).

Chemotaxis assays
Type 1 and 2 anamnestic granulomas were elicited in wild-type mice. Lymph nodes were
collected 3 days after bead challenge and cultured for 20 h with Ag stimulation. CD4+ T cells
were isolated and resuspended in serum-free RPMI 1640. rCCL17 (R&D Systems) was
warmed to 37°C and diluted to a concentration of 5 ng/ml in PBS. PBS was used as a control.
A multiwell chemotaxis chamber system with a 5-μm polycarbonate filter was used (Neuro
Probe). CCL17 was added to the bottom wells and the polycarbonate filter was placed between
the bottom plate and top plate of the chamber assembly. Three hundred thousand CD4+ T cells
were added to the top wells. The chamber was incubated for 2 h at 37°C in a 5% CO2, humidified
atmosphere. Cells that migrated through the filter were collected and used for real-time PCR
transcript analyses.

Cytokine measurement
Murine IL-2, -4, -5, -13, and IFN-γ were measured from cultured lymph node and granuloma
supernatants by ELISA using commercially available reagents and standards (BD Pharmingen;
R&D Systems; PeproTech). Sensitivities fell between 15 and 50 pg/ml.

Morphometry
Individual excised lung lobes were inflated and fixed with 10% buffered formalin for
morphometric analysis. Granuloma area was measured in a blinded fashion in H&E-stained
sections of paraffin-embedded lungs using computer-assisted morphometry. A minimum of
20 lesions was measured per lung.

Differential analyses of granulomas
Intact granulomas were collected as described above then digested in RPMI 1640 plus 1000
U/ml type IV collagenase for 25 min at 37°C. After washing, cells were resuspended at 2.5 ×
106 cells/ml. A 200-cell differential analysis was performed on duplicate Wright-stained
cytospin preparations of dispersed granulomas.

Real-time RT-PCR transcript analysis
RNA was isolated, reverse transcribed, and used for real-time PCR analyses as previously
described (12). All primer-probe sets for mouse receptors, cytokine and chemokine genes were
purchased commercially (Applied Biosystems), except for CCL22 which was developed using
Primer Express Software (Applied Biosystems) and prepared by Operon Technologies. The
primer and TaqMan probe sequences were as follows: primers: 5′-AGG CAG GTC TGG GTG
AAG AAG CT-3′ and 5′-GG ATG GAG GTG AGT AAA GGT GGC-3′; probe: 5′-GGA GGA
CCT GAT GAC CAT GGG TC-3′. Transcript levels, expressed as arbitrary units, were
calculated as previously described (29).
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Adoptive cell transfer
For adoptive transfer studies, donor CCR4+/+ and CCR4−/− mice were challenged with PPD
or SEA Ag beads 14 days after sensitization. Draining lymph nodes, collected 4 days after bead
challenge, were dispersed for CD4+ T cell isolation. Naive wild-type recipient mice received
1 × 106 CD4+ T cells i.v. followed by Ag beads on the next day. Recipients were sacrificed 4
days later.

T cell reconstitution
For CCR4−/− reconstitution studies, 1 × 106 CD4+ T cells isolated from axillary lymph nodes
of PPD-sensitized CCR4+/+ mice were transferred i.v. into naive CCR4−/− mice. Recipient
mice were challenged with PPD Ag beads on the following day and then were sacrificed 4 days
postchallenge. Donor CD4+ T cells from PPD-sensitized CCR4−/− mice were used as a control.

CD4+ T cell and DC coculture
Axillary lymph nodes from CCR4 +/+ and CCR4−/− mice were collected 14 days after PPD
sensitization. CD4+ and CD11c+ Microbeads (Miltenyi Biotec) were used to isolate cell
populations according to manufacturer’s instructions. The enrichment method was confirmed
by flow cytometry and cells were determined to be primarily CD11b+ myeloid DCs.
CCR4+/+ or CCR4−/− CD11c+ DCs were cultured with CCR4+/+CD4+ T cells at a ratio of 1:10
plus 10 μg/ml PPD. Cultures were incubated for 70 h at 37°C, 5% CO2. Supernatants were
collected by centrifugation and measured by ELISA.

Statistical analysis
ANOVA was used for multigroup comparisons and the Student t test was used for pairwise
comparisons. Values of p < 0.05 were considered to indicate significant differences.

Results
CCR4 ligands are induced in lungs and draining lymph nodes during type-1 and -2 pulmonary
granuloma formation

We first determined the potential involvement of CCR4 in hypersensitivity lung granuloma
formation. To this end, transcript levels for the known CCR4 ligands, CCL17 and CCL22,
were measured in Ag bead-challenged lungs and draining lymph nodes of wild-type mice with
synchronized granuloma formation. Measurements were taken at days 0, 1, 2, 3, 4, and 8
postbead challenge for both type-1 (PPD Ag bead) and type-2 (SEA Ag bead) granuloma
models. In lungs, both CCL17 and CCL22 transcripts were induced following bead challenge
(Fig. 1A). CCL17 reached peak expression by days 1 or 2 in the models but was more dominant
following SEA-bead challenge. CCL22 transcripts peaked later than CCL17 reaching
maximum levels on day 3 in granulomatous lungs. Transcript levels dropped off thereafter. In
draining lymph nodes, CCL17 and CCL22 displayed peak expression on day 1 after PPD-bead
challenge, but did not reach peak expression until day 3 in the type-2 model (Fig. 1B). In
addition, CCL22 transcripts were more dominant following PPD-bead than SEA-bead
challenge. These findings suggested that CCR4 ligands participate in both types of responses
and possibly functioned in granulomas and draining lymph nodes. We also examined tissue
compartment expression of CCR4 ligands using LCM. A comparison transcript expression in
T and B cell zones of lymph nodes revealed that CCL22 induction was limited largely to T cell
zones with peak expression at 1–2 days after Ag challenge (data not shown). This is fully in
accord with studies of Tang and Cyster (30).
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CCR4 ligand expression during type-1 and -2 granuloma formation correlates with a blood-
to-lung shift of CD4+ T cells expressing CCR4 transcripts

To determine the potential functional significance of CCR4 ligand expression, we compared
the time course of CCR4 transcript expression among T cells in peripheral blood and whole
lungs during synchronized granuloma formation. As shown in Fig. 2A, compared with naive
mice (dashed line) there was a 2-fold increase of CCR4 transcripts among blood T cells in
prechallenged sensitized mice (day 0). Following Ag-bead challenge, there was a distinct
decrease in CCR4 transcripts among circulating T cells by 2–3 days corresponding to an
increase in CCR4 transcripts in the challenged lungs (Fig. 2B, bars). This pattern was similar
during both type-1 and -2 granuloma formation. These events correlated well with the time of
CCR4 ligand expression in the lung as described above and were concomitant with the rapid
growth period of lesions between 1 and 4 days (Fig. 2B, dashed lines). Once lesions achieved
peak size (day 4), blood T cells displayed recovered levels of CCR4 transcripts. We next
determined whether this shift was attributable to CD4+ T cell mobilization. To test this
possibility, we analyzed CCR4 transcript expression among CD4+ T cells that were purified
from the blood and lungs of naive, sensitized (day 0), and Ag-bead challenged sensitized mice
(day 3). Similar to the whole CD3+ T cell population, sensitization increased the levels of
CCR4 transcripts among circulating CD4+ T cells by ~3-fold compared with naive mice, but
3 days after either PPD or SEA Ag-bead challenge, transcripts decreased to naive levels in the
blood (Fig. 2C) while increasing 2- to 3-fold in the granulomatous lungs (Fig. 2D, upper
panel). The accumulation of CCR4+CD4+ T cells was confirmed by flow cytometric detection
(Fig. 2D, lower panel, and E). These findings would be consistent with the enhanced lung
mobilization of CCR4+CD4+ during both types-1 and -2 granuloma formation, but did not
prove that CCR4 was required for mobilization.

It was noted that CCR4 mRNA signals were 10-fold higher among purified lung CD4+ T cells
as compared with blood CD4+ T cells suggesting that CCR4+ transcripts were at higher
incidence among lung CD4+ populations. This result could represent up-regulation of
expression; however, because CCR4 is expressed by memory/effector but not naive T cells,
our findings would be more consistent with organ-based recirculation of memory T cells as
reported by others (31). Consequently, in the lung, naive CCR4-negative T cell populations
would not dilute CCR4 transcripts to the same extent.

CD4+ T cells from both type-1 and -2 lung granulomas express CCR4 transcripts
The above studies suggested that CCR4+CD4+ T cells were mobilized to lungs with type-1
and -2 granulomas but did not establish whether those cells were simply marginated or were
participating at sites of inflammation. To approach this question, individual lung lobes were
collected from mice undergoing type-1 or -2 granuloma formation on day 4. Frozen tissue
sections were cut and then stained with a CD4-specific Ab, dehydrated, and subjected to LCM
(Fig. 3, A and B), We collected 100 individual CD4+ T cells from five granulomas (20 per
lesion). Sufficient RNA was obtained to assess CCR4 and IL-4 transcripts using real-time RT-
PCR. As shown in Fig. 3C, IL-4 expression was clearly more dominant in Th2- than Th1-
mediated granulomas, confirming the polarized state of the response. However, Fig. 3D
illustrates that CCR4 expression was not restricted to CD4+ cells from type-2 lesions, but was
also expressed among CD4+ T cells from the type-1 lesions. Levels in control noninflamed
lung tissue are represented by the dashed line. This result established that CCR4+CD4+ T cells
were detectable at sites of granuloma formation and provided evidence that CCR4 expression
might not be restricted to Th2 cells.
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Effector CD4+ T cells are enriched at sites of granuloma formation and CCR4 transcripts
associate with both IL-4- and IFN-γ-producing cells

We further examined the relationship of CCR4 to cytokine-producing Th1 and Th2 effector
cells by positively enriching for IL-4 and IFN-γ cytokine-secreting CD4+ T cells from the lungs
of mice undergoing type-1 or -2 granuloma formation. Cytokine and chemokine receptor
transcripts were measured by real-time RT-PCR. As seen in Fig. 4, A and B, insets, IFN-γ and
IL-4 displayed expected polarization among the nonenriched CD4+ T cell populations in the
type-1 (PPD) and type-2 (SEA) models, respectively. Compared with the nonenriched CD4+

T cells (ALL), IFN-γ-secreting cells could not be further enriched from the PPD-challenged
lungs nor IL-4-secreting cells from SEA bead-challenged lungs. However, the enrichment
method was successful because we achieved a 10-fold enrichment of IFN-γ producers from
lungs with type-2 lesions and a 12-fold enrichment of IL-4-secreting cells from lungs with
type-1 lesions, indicating that these populations were present as minor components among the
dominant cytokine-secreting population (Fig. 4, A and B). The inability to further enrich the
dominant cytokine-producing populations suggested that these populations were already
enriched, likely because only Ag-specific CD4+ effector cells survived the overnight pre-
enrichment culture period.

We next measured CCR4 and CXCR3 chemokine receptor transcripts among these
populations. As shown in Fig. 4C, CCR4 transcripts were associated with both IL-4- and IFN-
γ-enriched populations in both models. The chemokine receptor, CXCR3, purported to be
associated with Th1 cells indeed showed a strong positive association with IFN-γ-producing
cells and a negative association with IL-4 producers during PPD challenge (Fig. 4D). However,
in the Th2 dominant model CXCR3 transcripts were detected among IL-4 and IFN-γ producers,
indicating that CXCR3 was not absolutely Th1 restricted. These findings provided evidence
that CCR4 was expressed among IFN-γ- and IL-4-secreting effector CD4+ T cell populations
within granulomatous lungs. Thus, similar to reports for human T cells, mouse Th1 and Th2
cells display a more complicated chemokine receptor expression in vivo than that described
for artificially generated populations (32).

Both IFN-γ- and IL-4-producing draining lymph node CD4+ T cells migrate in response to a
CCR4 agonist

Having demonstrated CCR4 expression among both Th1 and Th2 populations generated during
mycobacterial and schistosomal Ag-elicited immune responses, we next assessed the
chemotactic response of the populations to a specific CCR4 agonist, CCL17. For these studies,
CD4+ T cells were purified from reactive mediastinal lymph nodes during type-1 and -2
pulmonary granuloma formation and then used for chemotaxis assay. The migrated populations
were collected and compared by RNA expression analysis for cytokines and chemokine
receptors. As shown in Fig. 5, CCL17 was chemotactic for IFN-γ and IL-4/IL-13-producing
cells in the mycobacterial and schistosomal Ag responses, respectively. In addition, there was
enriched CCR4 transcript expression among the migrated populations. This result agreed with
our previous expression analysis and indicated that CCR4 was likely functional on both Th1
and Th2 cells generated during challenge with strongly polarizing Ags.

CCR4−/− mice display impaired type-1 mycobacterial and partially impaired type-2
schistosomal Ag-elicited responses

The above studies provided strong circumstantial evidence that CCR4+CD4+ Th1 and Th2
cells were participating during type-1 and -2 Ag-bead lung granulomatous inflammation, but
the functional contribution of CCR4 was not established. As part of a functional evaluation of
CCR4, we next determined the effect of CCR4 gene knockout (CCR4−/−) on PPD and SEA
Ag-bead granulomatous responses. CCR4−/− mice show no developmental abnormalities
(16) and using flow cytometric analysis, we have confirmed that naive mice have normal
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proportions of T and B cells in lymphoid tissue (data not shown). Control (CCR4+/+) and
knockout (CCR4−/−) mice were sensitized with either PPD in CFA or S. mansoni eggs and then
lung granulomas were respectively elicited by i.v. injection of PPD or SEA Ag beads as
described in Materials and Methods. Granuloma lesion sizes were assessed 4 days after bead
challenge. As shown in Fig. 6A, PPD granuloma area was decreased by 25–30% in the CCR4-
deficient mice. In contrast, type-2 granuloma size was not affected by CCR4 knockout.
Differential analysis of dispersed granulomas showed no change in relative proportions of
leukocyte populations other than a trend to fewer eosinophils in type-2 lesions, but this did not
achieve statistical significance (Table I). Thus, CCR4 knockout caused a global reduction of
the type-1 cellular response. To explore the possibility of accelerated kinetics in CCR4−/− mice,
granulomas were examined on day 2 and these were likewise impaired in knockout mice
compared with controls (data not shown).

To determine whether the impaired type-1 granuloma formation observed in CCR4−/− mice
was related to changes in local cytokine production, we isolated and cultured intact granulomas
from CCR4+/+ and CCR4−/− mice and then measured cytokines in supernatants. Fig. 6B shows
that CCR4−/− mice had significantly reduced IFN-γ production at the lesion site. The other
cytokines measured, IL-2, IL-4, IL-5, and IL-13, were comparable to control levels. Thus, at
the site of the type-1 lesion, IFN-γ production was profoundly impaired consistent with a failure
to recruit, generate, or support IFN-γ-producing effector cells. Interestingly, although overall
lesion size and composition was largely unaffected during type-2 granuloma formation,
cultured granulomas demonstrated partial reductions of the Th2 cytokines IL-5 and IL-13
suggesting that CCR4 was required for maximal effector cytokine production (Fig. 6C)

CCR4−/− CD4+ T cells fail to transfer type-1 hypersensitivity granuloma formation to naive
recipients

To determine whether the defect in CCR4−/− mice was due to aberrant T cell function, CD4+

T cells were isolated from the draining lymph nodes of sensitized, Ag bead-challenged
CCR4+/+ and CCR4−/− mice, then transferred to groups of naive CCR4+/+ mice that were
subsequently challenged with Ag beads. Control groups received no donor cells. Granuloma
formation and lymph node cytokine responses were assessed 4 days after challenge. As shown
in Fig. 7A, CD4+ T cells from CCR4+/+ mice effectively transferred a secondary type-1
granulomatous response, whereas those from CCR4−/− mice failed to elicit a secondary
response. In addition, the knockout CD4+ T cells failed to transfer a secondary draining lymph
node cytokine response (Fig. 7B). In contrast, SEA-sensitized CD4+ T cells from CCR4−/−

mice effectively transferred a secondary eosinophil-rich Th2 granuloma and a draining lymph
node cytokine response. (Fig. 7, C and D). Differential analysis of dispersed lesions showed
eosinophil percentages of 23.6 ± 5 and 36.5 ± 6.4 for CCR4+/+ and CCR4−/− transfers,
respectively. Hence, only the type-1 adoptive response was compromised on adoptive transfer.

Primary mycobacterial Ag-elicited cytokine production is unimpaired but secondary
elicitation is abrogated in draining lymph nodes of CCR4−/− mice

The above studies suggested that effector Th1 cells were impaired in CCR4−/− mice and this
was possibly related to defective migration to sites of granuloma formation. However, it was
also possible that CCR4−/− mice had impaired production or survival of effector T cells. To
test this possibility, we examined the induction of cytokine-producing cells in draining lymph
nodes following a primary and secondary challenge with PPD and SEA Ag beads. We
previously showed that Ag beads evoke innate responses with committed cytokine-producing
cells detectable in draining lymph nodes as early as 4 days after primary Ag-bead challenge
(33). Therefore, we compared cytokine production in draining lymph node cultures from
CCR4+/+ and CCR4−/− mice 4 days after primary challenge. In addition, we similarly examined
the secondary response in groups of sensitized mice 4 days after challenge. Table II shows that
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during the primary response, CCR4−/− mice challenged with PPD or SEA beads displayed
augmented IFN-γ or IL-2 levels. After primary PPD-bead challenge, knockout cultures had
IFN-γ levels 3-fold above controls with trends to higher IL-2 production. After primary SEA-
bead challenge IL-2 was 7-fold above controls with trends to higher IFN-γ levels. Levels of
IL-4, IL-5, and IL-13 were comparable to controls. Thus, primary induction of cytokine-
producing cells was not compromised in CCR4−/− mice nor was local innate granuloma
formation (data not shown).

In contrast to the primary response, upon secondary PPD-bead challenge CCR4−/− mice
displayed profoundly (85%) impaired IFN-γ production as well as impaired IL-5 and IL-13
production in draining lymph node cultures. As expected, the secondary helminth Ag response
showed strong Th2 polarization in CCR4+/+ controls and unlike the type-1 response, the profile
was not compromised in knockout mice. Rather, levels of IL-4, IL-5, and IL-13 were enhanced.
This result indicated that the mycobacterial Ag-elicited secondary response was more
dependent on CCR4 than the schistosomal Ag-elicited response. Moreover, the impairment
observed in the secondary PPD response must have been due to degradation of or an inability
to support the anamnestic response to PPD. The observed augmentations during primary
challenge also implied the presence of an underlying CCR4-dependent mechanism limiting
the initial induction of the response. Thus, CCR4−/− mice displayed a paradoxical early
accentuation but late impairment of the cytokine response following mycobacterial Ag
challenge.

Wild-type CCR4+/+ CD4+ T cells fail to reconstitute normal type-1 granuloma formation when
transferred to CCR4−/− mice

The above studies suggested that mycobacterial Ag-specific effector T cells were likely
generated in CCR4−/− mice but could not be sustained or supported in CCR4−/− mice.
Therefore, we next tested the capacity of the knockout tissue environment to permit expression
of an effector T cell response to mycobacterial Ag challenge. To this end, we attempted
reconstitution of CCR4−/− mice by adoptive cell transfer of wild-type CCR4+/+CD4+ T cells.
Groups of naive CCR4+/+ and CCR4−/− recipient mice were i.v. administered purified CD4+

T cells from CFA-PPD-sensitized, CCR4+/+ donor mice. Recipients were subsequently
challenged with PPD beads, then lungs and lymph nodes were examined. As shown in Fig. 8,
CCR4+/+CD4+ T cells elicited the expected secondary response in wild-type recipients with
augmented inflammation. In contrast, the response of knockout recipients resembled that of
naive mice. This was likewise reflected in Ag-stimulated draining lymph node cultures
prepared from knockout recipients in which all cytokines except IL-2 were reduced (Table III).
Thus, the knockout environment would not support adoptive transfer of the PPD-elicited type-1
effector response, indicating dependence upon CCR4+ cells in the recipient.

Wild-type CD4+ T cells display impaired IFN-γ production when cultured with CCR4−/− DCs
The above results suggested that a CCR4-expressing non-CD4+ T cell population was required
for an optimal PPD-elicited type-1 response. In this regard, APCs would be likely candidates
because subpopulations of these cells are known to express CCR4 (34,35). Studies of Tang
and Cyster (30) have implicated CCR4 agonists in Ag presentation in lymph node T cell zones
by facilitating the apposition of Ag-specific effector-memory CD4+ T cells and DC. In addition,
Katou et al. (36) have provided evidence that CCR4 plays a role in the formation of DC-T cell
clusters in lymph nodes and skin. As a possible means to test the role of CCR4 in T cell-DC
interactions, we compared the in vitro capacity of sensitized CCR4+/+CD4+ T cells to produce
cytokines in the presence of CCR4+/+ and CCR4−/− DCs purified from lymph nodes. As shown
in Fig. 9, CD4+ T cells cocultured with CCR4−/− DCs displayed reduced IFN-γ production
with about a 50% impairment when compared with culture with CCR4+/+ DCs. Consistent
with the type-1 dominant response, IL-4 levels were negligible and unaffected by the DC
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population. Interestingly, IL-2, presumably produced in large part by naive CD4+ T cells, was
augmented 5-fold in the same cultures. Thus, knockout DCs could support IL-2- but not IFN-
γ-producing cells. Taken together, our in vivo and in vitro studies would support proposed
models in which CCR4 is important to APC interactions with CD4+ effector/memory T cells.
Moreover, the type-1 mycobacterial Ag-elicited response appears to be more dependent on
these CCR4-mediated events than the type-2 or naive response.

Discussion
The contribution of CCR4 to adaptive immunity has yet to be fully elucidated and little is
known regarding its role in pulmonary granuloma formation. CCR4 has been purported to be
a Th2 cell-specific chemokine receptor and implicated as an important receptor in Th2 cell-
mediated responses, based upon circumstantial evidence (13–15). The CCR4 ligands, CCL17
(TARC) and CCL22 (MDC) were shown to be expressed by airway epithelial cells and
neutralization of the ligand CCL22 resulted in a reduction in airway hyperreactivity (13,37).
Contrarily, CCR4 gene knockout protected mice from endotoxin challenge, but had no effect
on development and expression of a classical Th2-dependent murine model of allergic airway
inflammation (16). In a Th2-dependent model of S. mansoni egg challenge, Jakubzick et al.
(38) reported paradoxical findings with immune neutralization of CCL17 and CCL22 having
different effects and resulting in both impaired and augmented responses. Thus, there is
considerable confusion regarding the function of CCR4 and its ligands in T cell-mediated
adaptive responses.

The present study attempted to systematically analyze the role of CCR4 in highly defined
models of polarized Th1 (type-1) and Th2 (type-2) cell-mediated lung granuloma formation.
This approach allows direct comparison of disparate responses under synchronized conditions.
We first tested the hypothesis that CCR4 was selectively expressed during Th2 effector cell-
mediated responses. Our results clearly disputed this hypothesis by demonstrating CCR4
expression among both Th1 and Th2 effector populations, similar to that reported in studies of
human peripheral blood T cells (17,32). Similarly, CXCR3 was also not restricted to Th1 cells
as originally purported, but was detected among schistosome Ag-elicited IL-4-producing
effector cells from inflamed lungs. Interestingly, CXCR3 did show biased expression among
Th1 cells under conditions of mycobacterial Ag challenge, indicating that the nature of the
antigenic stimulus may shape T cell chemokine receptor profiles. These observations
emphasize the importance of evaluating T cell chemokine receptor expression under a variety
of in vivo challenge conditions.

Our functional analysis demonstrated that CCR4 deletion caused partial impairment of the
local Th2 effector cell-mediated response to S. mansoni egg Ags but did not affect the regional
lymph node recall response. This observation might indicate differential effects on T effector
and T central memory cells as former are thought to use CCR4 for peripheral tissue localization
while the latter use CCR7 for lymphoid tissue recirculation Unexpectedly, CCR4 knockout
also caused local impairments of lesion size and IFN-γ production in the mycobacterial Ag-
elicited type-1 response. Further analysis demonstrated that sensitized CD4+ T cells from
CCR4−/− mice were unable to transfer a type-1 response to naive CCR4+/+ recipients. We
confirmed that the type-1 CD4+ T cell defect was not due to impaired primary induction of
effector cells because cytokine-producing cells in draining lymph nodes were detected
following primary challenge of CCR4 knockout mice. In fact, there appeared to be early
accentuation of the primary Th1 effector response. These findings suggested that CCR4 was
not required for afferent effector cell induction, but was required for the survival and or
expression of Th1 effector/memory cells similar to that proposed for cutaneous T memory cells
by Baekkevold et al. (27). That study showed defective establishment of Th1 cell memory in
CCR4−/− mice in response to skin challenge, but, unlike our study, did not evaluate effects on
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the Th2 response. In humans, CCR4 is reportedly strongly expressed by cutaneous CLA+ T
effector/memory cells associated with Th1-mediated inflammatory conditions (39). Our results
indicate that CCR4 is likewise expressed by CD4+ T cells associated with interstitial lung
inflammation and argue that CCR4 is broadly expressed by inflammatory effector/memory Th
cells but is functionally more important to the pulmonary type-1 response. In this regard, we
have recently demonstrated similar impairment of IFN-γ production in draining lymph nodes
following airway infection with live M. bovis Bacille Calmette-Guérin (data not shown).

Since our results indicated a functional or quantitative defect in CCR4−/− CD4+ T cells in the
type-1 response, it was surprising to find that wild-type CCR4+/+CD4+ T cells were unable to
restore memory Th1 responses upon adoptive transfer to CCR4−/− mice. This finding
demonstrated a defect in the environment of CCR4−/− mice that failed to permit expression
and or expansion of memory/effector cells. We explored possible defects in the lung chemokine
environment and an analysis of granulomatous lungs revealed that transcripts for CCL17 and
CCL22 were reduced by 74 and 56%, respectively (data not shown), in the CCR4−/− mice with
smaller granulomas. A similar defect in CCR4 ligand production was noted among peritoneal
macrophages in endotoxin-challenged CCR4−/− mice (16), but because local chemokine
production is cytokine amplified, this was possibly a secondary effect of impaired activation.
Another explanation for the inability of the CCR4+/+CD4+ T cells to correct the defect in the
CCR4−/− mice was the potential requirement for a second CCR4+ cell population. We
hypothesized that Ag-presenting DCs may be involved as others and we have detected CCR4
expression among DCs (34,35). It has been reported that CCL22 is chemotactic for myeloid
DCs (40), promotes Ag-activated T cell binding to DCs (41), and permits formation of DC-T
cell clusters in secondary lymphoid tissues and inflammatory sites (36). Indeed, our coculture
studies demonstrated impaired IFN-γ production when CCR4+/+ T cells were cultured with
CCR4−/− DCs, suggesting that CCR4 is necessary for optimal interaction of CD4+ T cells and
APCs to promote an anamnestic Th1-mediated response to mycobacterial PPD. It has been
proposed that persistent Ag presentation is required for survival/expansion of effector/memory
CD4+ T cells (42). If such interactions are CCR4 dependent, it would explain the degradation
of the Th1 effector/memory we observed in CCR4−/− mice. It would also explain the trend to
augmented Th2 draining lymph node cytokine responses in these mice due to undermining of
Th1 cross-regulatory effects.

Artificially generated human Th2 cells reportedly show biased CCR4 expression (6) and we
have demonstrated a similar bias among in vitro-generated mouse Th2 cells (data not shown).
Therefore, it was unexpected that CCR4 appeared to be playing a greater role in the
establishment of Th1 than Th2 immune responses despite comparable CCR4 and CCR4 ligand
expression. Similar to our findings, CCR4 knockout did not compromise a mouse airway
allergy model (16) and CCR4 blockade in a guinea pig allergy model failed to inhibit the
recruitment of inflammatory leukocytes to the lung, supporting the notion that Th2 cells can
be recruited to the lung by CCR4-independent pathways (43). It is possible that Th2 cells are
able to compensate for the lack of CCR4 with alternative chemokine receptors, such as CXCR4.
CXCR4 was shown to be up-regulated by IL-4 and down-regulated by IFN-γ in vitro (44).
Furthermore, Th2- but not Th1 cell-mediated responses were impaired when mice were
systemically administered the selective CXCR4 antagonist, AMD3465 (45).

Another possible explanation for the differential effects of CCR4 knockout might be related
to different migration patterns of Th1 and Th2 effector/memory cells. Currently, it is generally
accepted that Th cells are composed of Th effector (high cytokine-secreting) and central
memory T cell (low cytokine-secreting) pools. The latter population is considered necessary
for long-term memory responses. The precise mechanisms for establishment of memory are
unknown but could involve chemokine-dependent migration or activation events. The greater
susceptibility we observed for the Th1 response would be consistent with reports demonstrating
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that Th1 are less efficient than Th2 cells in developing into a memory population (46). Th1
cells are also more susceptible to Fas-mediated apoptosis than Th2 cells (47). Moreover, Th1
memory/effector cells may require lymphoid organ or peripheral tissue migration to remain
viable. In fact, Th1 and Th2 cells do show differences in their localization in secondary
lymphoid tissue. Th2 cells migrate closer to the B cell follicles whereas Th1 cells are closer to
central T cell zones (48). This corresponds well with our studies and those of others showing
that CCL22 is predominantly expressed in T cell zones (30). Our findings would be consistent
with a model in which Th1 and Th2 memory/effector cells rely on different chemokine
receptors for localization, activation, and survival.

Taken together, our findings support the notion of flexibility and redundancy in chemokine
receptor function with regard to T effector/memory cells. In addition, a number of novel
findings are offered. The notion of CCR4 as a selective and critical functional receptor for Th2
cells is disputed at least in regard to pulmonary responses. Moreover, the greater CCR4
dependence of the Th1 cell-mediated anti-mycobacterial Ag response might indicate that CCR4
is required for sustaining an optimal Th1 memory response. Finally, we show that the
sustenance of Th1 and Th2 memory has different mechanistic demands that might be exploited
for therapeutic manipulations.
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FIGURE 1.
Time course of CCL17 and CCL22 mRNA expression in lungs and draining lymph nodes
during type-1 (PPD) and type-2 (SEA) anamnestic granuloma formation. Lungs and draining
lymph nodes were harvested before bead challenge (day 0) and on days 1, 2, 3, 4, and 8 post-
Ag-bead challenge. A, Lungs; B, draining lymph nodes. Transcript expression was determined
by real-time RT-PCR and expressed as arbitrary units. CCL17, ○; CCL22, ▴. Data are
representative of three separate experiments.
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FIGURE 2.
CCR4 expression among peripheral blood CD3+ and CD4+ T cells, whole lungs, and CD4+

lung T cells during type-1 (PPD) and type-2 (SEA) granulomatous responses. Blood and lungs
were collected before bead challenge (day 0) and on days 1, 2, 3, 4, and 8 postbead challenge.
T cells were isolated from blood and lung as described in Materials and Methods. A, Blood
CD3+ T cell CCR4 transcript analysis; dashed line represents transcript levels among blood T
cells of naive mice. Values were derived from the pooled blood of 10 mice/point. B, Whole
lung analysis; dashed line shows growth of granulomas, bars show mean ± SD, CCR4 transcript
levels measured in five to six individual mice per point. C, Blood, days 0 and 3, isolated
CD4+ T cell CCR4 transcript analysis; bars show mean ± SD. Dashed lines indicates levels in
naive mice CD4+ T cells were isolated from pooled blood and lungs of 5–10 mice before (day
0) and 3 days after challenge. Data are representative of three separate experiments. D, Lung,
days 0 and 3, isolated CD4+ T cell CCR4 transcript and flow cytometric analyses. Bars show
mean ± SD derived from 4 to 5 mice. E, Representative flow cytometric histograms showing
surface expression of CCR4 on CD4+ T cells from granulomatous lungs, on day 3 after bead
challenge. Solid area shows staining with CCR4 Ab. Open area is isotype control Ab.
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FIGURE 3.
Lung granuloma CD4+ T cells isolated by LCM express CCR4 transcripts during both type-1
and -2 granuloma formation. Lungs were collected from mice on day 4 after PPD- or SEA-
bead challenge. Frozen tissue sections were cut and stained with anti-CD4. LCM was used to
excise ~100 CD4+ T cells from five individual granulomas (20 cells/granuloma). A, Sample
of SEA-bead granuloma with CD4+ cells stained in brown. B, Same lesion after laser capture
microdissection of CD4+ cells. C, IL-4 transcript expression among captured cells. D, CCR4
mRNA transcript expression among captured cells. Dashed lines indicate levels in excised
noninflamed control lung tissue. Transcripts were measured by real-time RT-PCR. Bars are
mean arbitrary units ± SD. Data are representative of three separate experiments.
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FIGURE 4.
Purification of IFN-γ and IL-4 cytokine-producing CD4+ T cells from lungs during type-1
(PPD) and type-2 (SEA) granuloma formation. Anamnestic lung granulomas were induced in
CBA/J mice and on day 3, lungs were collected, homogenized, and cultured overnight with
Ag. CD4+ cytokine-secreting populations were isolated as described in Materials and
Methods. Relative mRNA transcript levels were measured for IFN-γ (A) and IL-4 (B) with
results expressed as the fold increase over the nonenriched CD4+ control (ALL). Insets, The
expression in arbitrary units of the CD4+ nonenriched control demonstrates the initial cytokine
polarization. Transcript levels of chemokine receptors were measured by real-time RT-PCR
in the enriched populations. C, CCR4 transcripts. D, CXCR3 transcripts. Type-1 (PPD)
response,█; type-2 (SEA) response,▒. Bars are mean arbitrary units ± SD derived from two
separate experiments, five mice per experiment.
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FIGURE 5.
IFN-γ- and IL-4-producing CD4+ T cells induced during type-1 (PPD) and type-2 (SEA)
granuloma formation migrate in response to CCL17. CD4+ T cells were isolated from draining
lymph nodes collected 3 days after bead challenge. Using a multiwell chemotaxis chamber, 5
and 0 ng/ml CCL17 were added to bottom wells while 3 × 105 CD4+ T cells were added to the
top wells. Cells that migrated were collected and analyzed for gene expression by real-time
PCR analyses. Results are expressed as a fold increase of transcript expression over the control
wells containing randomly migrated cells. Bars are means ± SD from two to three separate
experiments.
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FIGURE 6.
Type-1 and -2 granuloma formation and cytokine production in CCR4−/− mice. A, Granuloma
cross-sectional area. Lesions were measured on day 4 after PPD or SEA-Ag bead challenge.
The dashed line represents the average area of the bead alone. Bars are means ± SD derived
from three separate experiments. B, Cytokine production by cultured type-1 (PPD) granulomas.
C, Cytokine production by cultured type-2 (SEA) granulomas. On day 4, type-1 and -2
granulomas were isolated from lungs and cultured with Ag for 24 h. Supernatant cytokine
levels were determined by ELISA. Bars are means ± SD from three separate experiments. *,
p < 0.05 compared with CCR4+/+ mice.
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FIGURE 7.
CCR4−/− CD4+ T cells fail to transfer type-1 granuloma formation to naive CCR4+/+ recipients.
CD4+ T cells were isolated from PPD- or SEA-sensitized CCR4+/+ and CCR4&minus;/− mice,
then transferred as described in Materials and Methods. Four days later, lungs and draining
lymph nodes were harvested. A and C, Granuloma cross-sectional areas, PPD and SEA models,
respectively. Dashed line represents the area of the bead alone. B and D, Cytokine production
by cultured draining lymph nodes derived from cell recipients and controls, PPD and SEA
models, respectively. Bars are means ± SD derived from two separate experiments. *, p < 0.05
comparing mice that received CCR4−/− CD4+ T cells to those that received CCR4+/+ CD4+ T
cells.
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FIGURE 8.
Wild-type CCR4+/+CD4+ T cells fail to transfer secondary type-1 mycobacterial Ag-elicited
granuloma formation to CCR4−/− mice. PPD-sensitized CD4+ T cells were isolated from the
axillary lymph nodes of donors. One million cells were administered i.v. to naive CCR4+/+ and
CCR4−/− recipients. Recipients were challenged with PPD beads the following day. Granuloma
cross-sectional area was measured 4 days after bead challenge. Data are representative of three
separate transfer experiments. Dashed line indicates area occupied by bead alone. Bars are
means ± SD. *, p < 0.05.
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FIGURE 9.
Sensitized wild-type CCR4+/+CD4+ T cells display diminished IFN-γ production when
cultured with CCR4−/− DCs. CD4+ T cells and CD11c+ DCs were isolated from the axillary
lymph nodes of PPD-sensitized donors. CCR4+/+CD4+ T cells were cultured with either
CCR4+/+ or CCR4−/− DCs at a ratio of 10:1 for 72 h with PPD Ag. Cytokine levels were
determined in culture supernatants by ELISA. Data are representative of two separate
experiments, four to five mice per group. Bars are means ± SD. *, p < 0.05 comparing
CCR4−/− to CCR4+/+ DC cultures.
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