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Abstract
Mouse CCL8 is a CC chemokine of the monocyte chemoattractant protein (MCP) family whose
biological activity and receptor usage have remained elusive. Here we show that CCL8 is highly
expressed in the skin, where it serves as an agonist for the chemokine receptor CCR8 but not for
CCR2. This distinguishes CCL8 from all other MCP chemokines. CCL8 responsiveness defined a
population of highly differentiated, CCR8-expressing inflammatory T helper type 2 (TH2) cells
enriched for interleukin (IL)-5. Ccr8- and Ccl8-deficient mice had markedly less eosinophilic
inflammation than wild-type or Ccr4-deficient mice in a model of chronic atopic dermatitis.
Adoptive transfer studies established CCR8 as a key regulator of TH2 cell recruitment into
allergen-inflamed skin. In humans, CCR8 expression also defined an IL-5–enriched TH2 cell
subset. The CCL8-CCR8 chemokine axis is therefore a crucial regulator of TH2 cell homing that
drives IL-5–mediated chronic allergic inflammation.

Monocyte chemoattractant proteins (MCP) comprise one of two major CC-chemokine
families encoded in the genome as closely linked gene clusters. ‘Cluster’ chemokines tend to
be inflammatory—in contrast to noncluster chemokines, which tend to be homeostatic—
although there is some overlap of function1. Cluster chemokines often do not correspond
exactly between vertebrate species, whereas noncluster and homeostatic chemokines are
better conserved across species1. Multispecies comparative genomic and phylogenetic
analyses of the MCP-encoding cluster suggest that gene duplication and modification
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occurred within this gene cluster after the branching of rodents and primates1,2. The
orthologous relationships between mouse and human MCP-cluster chemokines are therefore
uncertain1. For example, human MCP-4 has no mouse ortholog, and mouse MCP-5 has no
human ortholog. The only MCP chemokine not yet functionally characterized is mouse
CCL8 (also known as MCP-2 (A001485)).

Chemokines and their receptors, in conjunction with adhesion molecules and their ligands,
provide cues to enable tissue-specific homing of T cells in the steady state and during
inflammation3,4. CCR7 and L-selectin provide T cells with the ability to home to secondary
lymphoid organs, CCR9 and integrin α4β7 enhance the ability of T cells to home to the gut,
and CCR10 and cutaneous lymphocyte antigen direct T cells to the skin3,5. CCR4 also
mediates skin-specific recruitment of T cells in the steady state and during inflammation, in
addition to directing T cell recruitment to other organs3,5.

Recent studies on cells isolated from human skin have identified CCR8 (A000631) as an
additional CC-chemokine receptor that mediates skin-tropic homing of memory CD4+,
CD8+ and γδ T cells in the steady state6,7 and skin-infiltrating leukocytes during atopic
inflammation8. CCR8 is expressed by regulatory T helper cells9, CD4+ thymocytes10, a
subset of dendritic cells and macrophages11,12, and TH2 (but not TH1) cells13,14. The role of
CCR4 and CCR10 in regulating T cell recruitment to skin is well established3,5. However,
whether there is a unique role for CCR8-mediated recruitment of T cells to skin in the steady
state or during inflammation has not been established by either in vivo models of
inflammation or in vivo trafficking studies. Notably, the skin-tropic viruses molluscum
contagiosum and Kaposi’s sarcoma–associated herpesvirus (human herpesvirus 8) encode a
CCR8 antagonist and agonist, respectively15,16.

Here we define mouse CCL8 as a second mammalian agonist for the chemokine receptor
CCR8. We also show that human CCL8, a known CCR2 agonist1,17, does not activate
CCR8. Mouse CCL8 specifically induces migration of a population of recently activated,
highly differentiated TH2 cells enriched in interleukin 5 (IL-5) and the IL-25 receptor
(IL-25R), cytokines implicated in eosinophilic inflammation18-20; as well as tumor necrosis
factor (TNF) and OX40, molecules associated with inflammatory TH2 cells21. Using a
model of atopic dermatitis, we demonstrate a pathologic role for CCR8 and mouse CCL8,
but not for the TH2-associated chemokine receptor CCR4 or the previously known mouse
CCR8 chemokine ligand mouse CCL1 (TCA3), in mediating chronic cutaneous allergic
inflammation. Using competitive in vivo homing experiments, we show that CCR8 and
mouse CCL8 direct TH2 cell recruitment into allergen-inflamed skin and draining lymph
nodes (DLNs). Finally, in humans, we show that peripheral blood CCR8+ CD4+ T cells are
enriched for IL-5, whereas CCR4+ CD4+ T cells are enriched for IL-4. We thus define
mouse CCL8 as a new CCR8 ligand and demonstrate a role for this chemokine in mediating
migration of an IL-5–enriched TH2 cell population into the skin, driving eosinophilic
inflammation during chronic allergen exposure.

RESULTS
Gene and protein characterization of mouse CCL8

The human and mouse MCP gene clusters both contain six genes (Fig. 1a), yet CCL12
(MCP-5) lacks a human ortholog, and CCL13 (MCP-4) lacks a mouse ortholog. In the
mouse genome, Ccl8 is positioned between Ccl1, which encodes the only known CCR8
ligand, and Ccl12, encoding a CCR2 ligand. In contrast, in the human genome, CCL8 is
positioned between CCL13, encoding a pleiotropic ligand for CCR2, CCR3 and CCR5
receptors, and CCL11 (eotaxin-1), encoding a CCR3 ligand. To search for mouse genes
related to human CCL13, we screened an expressed sequence tag (EST) database. The
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closest hit was the clone identified as mouse Ccl8, which was previously designated as such
owing to its sequence homology to human CCL8 (Fig. 1b). With regard to function, CCL11
recruits eosinophils exclusively through CCR3, and CCL2 recruits monocytes exclusively
through CCR2. The other characterized MCP chemokines activate monocytes through
CCR2 (refs. 1,17). CCL7 (MCP-3), CCL13 and human CCL8 also activate eosinophils
through CCR3 (ref. 1).

Mouse Ccl8 cDNA was 492 base pairs long, with an open reading frame that encoded 97
amino acids (Supplementary Fig. 1). The 5′ region of Ccl8 cDNA encoded a 23-amino-acid
hydrophobic leader sequence and had a predicted cleavage site at a position similar to that of
other MCP-cluster chemokines. The N terminus of mature mouse CCL8 was predicted to be
glycine, a feature shared with CCL12 and human CCL11 but not with other MCP proteins
(Supplementary Fig. 1). The mature N-terminal amino acid is important for biological
activity and leukocyte selectivity of MCP and eotaxin proteins22. Notably, the N terminus of
mouse CCL8 was shorter than that of other MCP chemokines by two amino acids but was
identical in length to the N terminus of mouse and human CCL11.

We compared mRNA expression of mouse Ccl8 to that of other mouse MCP chemokines
and the closely related CC chemokine Ccl11 in normal mouse tissue using RNA
hybridization analysis (Fig. 1c). Ccl8 was the only MCP-family chemokine that had high
constitutive expression in skin. Ccl8 mRNA was also detected in thymus, lymph node and
breast tissue. Immunofluorescence staining confirmed the presence of mouse CCL8 protein
in normal mouse skin (Fig. 1d), mainly in epidermal keratinocytes.

Screen for mouse CCL8–responsive leukocyte populations
We first observed that bone marrow–derived macrophages (BMDMs) did not migrate in
response to mouse CCL8 in in vitro chemotaxis assays, but did migrate to mouse CCL2,
which confirmed CCR2 expression on these cells (Fig. 2a). This finding was unexpected, as
all other MCP chemokines activate monocyte lineage cells through CCR2. Baf/3 cells
transfected with mouse CCR2 receptor did not migrate to mouse CCL8 in vitro, although
they migrated to CCL2 and CCL12 (Supplementary Fig. 2), confirming that mouse CCL8 is
not a CCR2 agonist. We next assayed mouse eosinophils, which migrate in response to
CCL11, for migration to mouse CCL8 because of similarities in the N-terminal structures of
CCL8 and CCL11. Mouse CCL8 induced neither migration nor calcium flux of eosinophils
isolated from the spleens of Il5-transgenic mice (data not shown), making it unlikely that
mouse CCL8 is a CCR3 agonist. We therefore turned to other potential target leukocyte
populations to discern the biological activity of mouse CCL8. We assessed the ability of
mouse CCL8 to induce the chemotaxis of natural killer (NK) cells, which express functional
CCR2 and CCR5. NK cells migrated in response to the CCR2-specific agonist CCL2 and
the CCR5-specific agonist CCL4 (MIP-1β), but they did not migrate in response to mouse
CCL8, making it unlikely that mouse CCL8 is a CCR5 or CCR2 agonist (Fig. 2b).

Freshly isolated lymph node CD4+ and CD8+ T cells also did not respond to mouse CCL8
but migrated to the positive control CXCL12 (SDF-1), a CXCR4 agonist (Fig. 2c).
Similarly, TH1 and TH2 cells generated by one round of in vitro differentiation, henceforth
referred to as TH1-R1 and TH2-R1, respectively, did not migrate to mouse CCL8. However,
TH1-R1 cells did migrate to CXCL11 (ITAC; Fig. 2d), a CXCR3 agonist, and TH2-R1 did
migrate to CCL22 (MDC; Fig. 2e), a CCR4 agonist, as positive controls. TH1-R1 and TH2-
R1 cells also migrated to CXCL12 and leukotriene B4 (Fig. 2d,e and Supplementary Fig.
3a,b). TH1-R1 and TH2-R1 cells were thus capable of migrating to multiple
chemoattractants but specifically could not migrate to mouse CCL8.
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A subset of TH2 cells respond to mouse CCL8
More highly differentiated TH2 cells, generated by multiple rounds of in vitro polarization
followed by T cell receptor (TCR) re-activation, migrate differently than do TH2-R1
cells13,14. We thus generated such cells, termed TH2-R2A cells, by in vitro differentiation of
TH2 cells through two rounds of polarization (TH2-R2), followed by brief TCR reactivation
(TH2-R2A). TH2-R2A cells migrated potently to mouse CCL8 in a dose-dependent, bell-
shaped migration curve (Fig. 2f). This mouse CCL8–induced chemotaxis was inhibited by
pertussis toxin (PTX), an inhibitor of Gαi, indicating that a Gαi-coupled chemo-attractant
receptor23 mediates mouse CCL8–induced chemotaxis of TH2-R2A cells. TH2-R2A cells
also showed robust calcium flux to mouse CCL8 (Fig. 2g). Dose-response studies revealed
that increasing concentrations of mouse CCL8 elicited incremental increases in the
magnitude of the calcium flux (Fig. 2h).

CCR8 mediates mouse CCL8–induced TH2 cell migration
The migration of TH2-R2A cells in response to mouse CCL8 provided a tool to identify
potential mouse CCL8 receptors. When we assayed CC-chemokine receptor mRNA
abundance in mouse CCL8–responsive cells, Ccr8 was the most highly enriched receptor
(Fig. 3a). Signals regulating polarized T helper subset differentiation are tightly linked to
expression of chemokine receptors, and CCR8 is expressed on cells of TH2 (but not TH1)
lineage3,4,13,14. However, assaying for CCR8 function in TH2 cells is confounded by the
following factors (Fig. 3b): CCR8 induction at levels high enough to mediate agonist
function is evident only in TH2 cells generated by multiple rounds of polarization followed
by additional TCR activation13,14; TCR ligation leads to transient induction of CCR8
expression13,14; and TCR ligation induces abundant autocrine CCL1 production24, which
promotes CCR8 receptor desensitization in vitro.

Ccr8 mRNA levels were highest in TH2-R2A cells compared with TH2-R1 or TH2-R2 cells,
BMDMs, blood monocytes, NK cells or TH1 cells (Fig. 3c). Further, TH1 cells generated by
two rounds of polarization or TH2 cells generated by one round of polarization that
underwent additional TCR activation did not migrate to mouse CCL8 (Supplementary Fig.
3c,d). These data confirm the specificity of CCR8 expression in TH2-R2A cells. By
comparing migration of wild-type and Ccr8-, Ccr2- or Ccr5-deficient TH2-R2A cells in
response to mouse CCL8, we determined that only deficiency of Ccr8 abrogated migration
to mouse CCL8 and the known mouse CCR8 agonist mouse CCL1 (Fig. 3d). A blocking
antibody to mouse CCR8 specifically inhibited migration of wild-type TH2-R2A cells to
mouse CCL8 (Fig. 3e). In contrast, Ccr8 deficiency had no effect on TH2-R2A cell
migration to human CCL8 (Supplementary Fig. 4a), consistent with human CCL8 being an
agonist for CCR2 (refs. 1,16,17) but not for CCR8.

Mouse CCL8 is a CCR8 agonist
Baf/3 cells transfected with mouse Ccr8 showed similar peak migration to mouse CCL8 and
CCL1 (Fig. 4a). Mouse Ccr8 transfectants showed robust and specific calcium flux to mouse
CCL8, in a dose-dependent manner (Fig. 4b,c). Signaling induced by mouse CCL8 inhibited
subsequent signaling by mouse CCL1, reflecting mouse CCL8–induced desensitization to
mouse CCR8 receptor (Fig. 4d). Likewise, stimulation of mouse Ccr8–transfected Baf/3
cells with mouse CCL1 inhibited subsequent mouse CCL8 signaling. Thus, mouse CCL1
and CCL8 are specific mouse CCR8 agonists. Human CCR8 transfectants migrated to
mouse CCL8, albeit more weakly than to human CCL1 (I-309) (Fig. 4e). Mouse CCL8
induced specific calcium flux in human CCR8–transfected cells and inhibited subsequent
signaling by mouse CCL8 (Fig. 4f). In contrast, human CCL8 did not induce calcium flux or
migration of human CCR8–transfected cells (Fig. 4g and Supplementary Fig. 4b). Human
CCL8 did not inhibit signaling by either mouse CCL8 or human CCL1 (Fig. 4g), confirming
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that human CCL8 was not a human CCR8 agonist, consistent with a prior study15. Finally,
mouse CCL8 and human CCL1 cross-inhibited signaling in human CCR8–transfected cells
(Fig. 4h). Collectively, these data establish mouse CCL8 as a specific agonist of mouse and
human CCR8.

Ccr8 is required for a model of atopic dermatitis
We next addressed the in vivo relevance of the mouse CCL8-CCR8 pathway in a model of
chronic cutaneous TH2 inflammation in which mice underwent three 1-week periods of
epicutaneous sensitization with ovalbumin (OVA) at 2-week intervals for a total 7-week
period of sensitization25,26 (Fig. 5). Gentle tape stripping at the onset of each 1-week round
of sensitization induces cutaneous TH2 inflammation in this model25,26. OVA-sensitized
wild-type mice developed peak inflammation at day 50, 1 d after completion of the third
round of topical sensitization, when they manifested cutaneous hyperplasia characterized by
a leukocytic infiltrate consisting of eosinophils and CD3+ T cells25,26 (Fig. 5a,d). In
contrast, Ccr8−/− mice were protected from chronic allergic skin inflammation (Fig. 5a,d).
Ccl8−/−Ccl12−/− mice were also protected from chronic allergic skin inflammation (Fig.
5b,e), whereas Ccl12−/− mice were not (Fig. 5c,e), suggesting a crucial role for the CCR8
ligand CCL8 in this model. Additionally, Ccr4−/− mice developed atopic dermatitis similar
to wild-type mice (Fig. 5c,e), and a monoclonal antibody blockade of the other CCR8 ligand
CCL1 during the final week of OVA sensitization did not abrogate cutaneous atopic
inflammation (Fig. 5f,g). Thus, the mouse CCL8-CCR8 pathway is essential for promoting
chronic cutaneous eosinophilic TH2 inflammation.

CCR8 regulates eosinophil chemokine expression in skin
Less Ccl11 (eotaxin-1) expression was induced in the skin of allergen-sensitized Ccr8−/−

mice compared to wild-type mice (Fig. 6a,b), and the induction of Ccl24 (eotaxin-2)
expression seen in wild-type mice was abolished in Ccr8−/− mice (Fig. 6a,b). Locally
recruited TH2 cells are the source of TH2 cytokines in this model25. Il4 and Il13 expression
were similarly induced in OVA-sensitized skin of wild-type and Ccr8−/− mice relative to
PBS-sensitized controls, as were interferon (IFN)-γ (Ifng) and Il17a (Fig. 6c and
Supplementary Fig. 5). However, Il5 induction was significantly decreased in Ccr8−/− mice
(P = 0.006). IL-5 is crucial for eosinophil survival and recruitment to peripheral tissue19.
Fewer infiltrating CD3+ T cells were evident in the skin of OVA-sensitized Ccr8−/− mice
compared to wild-type mice (Fig. 5d), but these were sufficient for local Il4 induction.
OVA-specific IgE induction is IL-4-dependent in this model25, and IgE induction was intact
in Ccr8−/− mice (Fig. 6d). However, OVA-specific IgG1 antibody production was impaired
in Ccr8−/− mice, consistent with reports of IL-5–dependent IgG1 class-switching19. Thus,
the absence of CCR8 led to impaired local recruitment of a subset of IL-5–producing TH2
cells after allergen rechallenge. The specific defect in eosinophil recruitment and IL-5
induction in sensitized Ccr8−/− mice also led us to measure local IL-25 production (Fig. 6c).
IL-25 is an IL-17–family cytokine important in TH2 inflammation18,20. Indeed, Il25 was
induced in OVA-sensitized skin of wild-type but not Ccr8−/− mice (Fig. 6c).

Topical allergen induces local expression of mouse CCL8
We next compared expression of CCR8 ligands in atopic skin to that of chemokine ligands
implicated in T cell migration to the skin through the receptors CCR4 and CCR10 (Fig.
6b,e–h). Mouse CCL8 was the only T cell–attracting chemokine induced in allergen-
sensitized skin recovered from both wild-type and Ccr8−/− mice (Fig. 6b,e–h). We
confirmed the induction of mouse CCL8 protein by immunofluorescence staining. More
mouse CCL8 protein was detected in epidermal keratinocytes of wild-type mice compared
to Ccr8−/− mice (Fig. 6f). Levels of transcripts of the known CCR8 ligand mouse CCL1
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(Fig. 6e), the CCR4 ligands CCL17 and CCL22 (Fig. 6g), and the CCR10 ligand CCL27
(Fig. 6h) obtained at the same time were not increased, consistent with published reports26.

OVA-specific IL-5+ T cells accumulate in Ccr8−/− DLNs
We obtained DLN cells on day 50 at the time of peak skin inflammation. T cells obtained
from Ccr8−/− DLNs produced more IL-5 but equivalent IL-4 after OVA stimulation ex vivo
compared to T cells obtained from wild-type DLNs (Fig. 6i). In contrast, IL-5 levels were
equivalent after anti-CD3 activation of DLN T cells. On day 50, after completion of the third
round of antigen sensitization, activated and differentiated effector T cells should have
acquired migratory capabilities enabling exit from DLNs and entry into inflamed skin. Thus,
antigen-specific effector T cells producing IL-5, but not IL-4, accumulated in the DLNs of
Ccr8−/− mice, with a corollary reduction in skin inflammation compared to wild-type mice.

CCR8 and mouse CCL8 mediate TH2 cell homing in vivo
We compared the in vivo trafficking of adoptively transferred antigen-specific wild-type and
Ccr8−/− TH2 cells into OVA-sensitized skin and DLNs (Fig. 7a,b). We detected more wild-
type TH2 cells than Ccr8−/− TH2 cells in skin and DLNs 4 d after topical OVA rechallenge.
This was reflected by homing indices of 2.8 ± 0.32 and 2.2 ± 0.29 for wild-type TH2 cells to
skin and DLNs, respectively. In contrast, proliferation of antigen-specific wild-type and
Ccr8−/− TH2 cells in vivo was similar, as measured by bromodeoxyuridine (BrdU) uptake
(Fig. 7c). Because mouse CCL8 was abundantly detected in sensitized skin (Fig. 6) and
DLNs (Fig. 7d) and the other CCR8 ligand CCL1 was not, we concluded that mouse CCL8
is the relevant CCR8 ligand mediating the trafficking advantage of wild-type TH2 cells in
vivo. We saw no differences in recruitment to spleens in sensitized mice, where we did not
detect mouse CCL8 after sensitization or at baseline (Fig. 7d). In contrast to TH2 cells,
CCR8 in TH1 cells did not have a role in recruitment to the skin or DLNs (Fig. 7a,b),
indicating specificity of CCR8 trafficking for TH2 cells. Notably, we did not see a CCR8-
dependent difference in the trafficking of CD11c+ major histocompatibility complex class
II+ antigen-presenting cells to skin-draining lymph nodes after tape-stripping and
epicutaneous sensitization (Supplementary Fig. 6). We also did not see a difference in
baseline frequencies of Langerhans cells or γδ T cells in the epidermis, or myeloid or
plasmacytoid DCs in the total skin, of Ccr8−/− or Ccl8−/−Ccl12−/− mice compared to wild-
type mice (Supplementary Fig. 7).

Mouse CCL8 is abundant in skin lymph nodes
We compared baseline expression of the two CCR8 ligands in lymph nodes from various
organs (Fig. 7e). Mouse Ccl1 was not detected in any lymph nodes examined, whereas Ccl8
was present in cervical, mediastinal and skin-draining lymph nodes at concentrations
comparable to that of the CCR7 ligand Ccl21, which is known to be important for lymph
node homing. Notably, Ccl8 was not detected in mesenteric or gastric lymph nodes,
indicating organ specificity of the mouse CCL8-CCR8 lymphoid homing axis. Lastly, we
were unable to detect Ccl1 mRNA in normal mouse tissue by quantitative real-time PCR
(QPCR), in contrast to the detectable amounts of Ccl8, which was found primarily in the
skin and lymphoid tissue outside the gastrointestinal tract (Fig. 7e,f).

Mouse CCL8-responsive TH2 cells are enriched for IL-5
Intracytoplasmic cytokine staining (ICS) revealed that wild-type TH2-R2A cells that
expressed CCR8 and responded to mouse CCL8 produced abundant IL-5 compared to IL-4
(Fig. 8a). We observed a similar profile of TH2 cytokine production in Ccr8-deficient TH2-
R2A cells (Supplementary Fig. 8). Transcripts of the TH2-regulatory transcription factor
Gata3 were more abundant in TH2-R2 cells than in TH2-R1 cells (Fig. 8b). Differential
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GATA3 levels provide a rationale for the known intrinsic properties of more-differentiated
TH2 cells, such as ease of effector cytokine production27 and, we propose, ease of CCR8
expression.

We examined TH2-R2A cells for expression of mRNA encoding transcription factors and
markers of TH2 differentiation. We observed a correlation between expression of Ccr8 and
Tnfrsf4 (OX40; Fig. 8c). OX40L-expressing dendritic cells induce the generation of TNF-
producing inflammatory TH2 cells21. TH2-R2A cells produced high levels of TNF but not
other TH2- associated cytokines, such as IL-9 (Fig. 8d). Notably, mouse CCL8–responsive
TH2-R2A cells were enriched for Il5, Il17rb (IL-25R), Tnfrsf4 (OX40), Tnf and Il1rl1
(interleukin-1 receptor-like 1, also known as IL-33R and T1/ST2) mRNA compared to
CXCL12- responsive TH2 cells in Transwell migration assays (Fig. 8e). Further supporting
these in vitro observations, significantly less Tnf and Tnfrsf4 was evident in OVA-sensitized
skin of Ccr8-deficient mice relative to wild-type mice in the model of chronic atopic
dermatitis (Fig. 8f).

We also examined fresh human peripheral blood CD4+ T cells from healthy individuals for
TH2 cytokine production by ICS. CCR8+CD4+ T cells produced markedly more IL-5 than
did total bulk CD4+ T cells (Fig. 8g). Circulating steady-state CCR8+CD4+ T cells also
produced more IL-5 than IL-4, a pattern shared by IL-25R– and IL1RL1-expressing CD4+ T
cell subsets and opposite to the IL-4–predominant TH2 cytokine expression profiles of
CCR4+ and CRTH2+CD4+ T cell subsets (Fig. 8h). Moreover, very little IL-5 was produced
ex vivo by CCR4+CD4+ T cell subsets. Of note, in healthy individuals, CCR8+IL-5+CD4+ T
cells also did not produce IL-13 (data not shown).

DISCUSSION
We have described here the functional characterization of mouse CCL8 and established it as
a second mammalian agonist for the chemokine receptor CCR8. We showed that mouse
CCL8 was constitutively expressed in the skin and lymph nodes of normal mice in a pattern
distinct from that of other related chemokines, reflecting its unique role in regulating
immune responses. We determined that recombinant mouse CCL8 was chemotactic for
activated, highly differentiated TH2 (TH2-R2A) cells specifically through CCR8, and that
these cells were enriched for IL-5 and IL-25R, cytokines implicated in eosinophilic
inflammation. CCR8+ TH2 cells were also enriched for OX40 and TNF. The absence of
CCR8 or mouse CCL8 was protective, whereas the absence of CCR4 had no impact in a
model of chronic allergic dermatitis. Adoptive transfer studies indicated that the mouse
CCL8-CCR8 chemokine pathway mediates TH2 cell recruitment to inflamed atopic skin in
vivo. Examination of CCR8 on peripheral blood T cells in healthy humans showed that
CCR8+CD4+ T cells were enriched in IL-5 in contrast to CCR4+CD4+ T cells, which were
enriched in IL-4 but not IL-5.

The restricted pattern of CCR8 expression in antigen-activated, highly differentiated TH2
cells, which abundantly produce IL-5 compared to less differentiated TH2 cells, may be a
result of coordinate epigenetic modification of gene loci in these cells. Multiple rounds of
polarization enable dual TCR- and IL-4R–activated transcriptional networks to induce
epigenetic modifications of the Il4 locus, allowing rapid transcription of effector cytokines
upon antigen rechallenge27. Epigenetic modifications of the adjacent Il4 and Il13 genes
occur simultaneously; in contrast, the Il5 gene is located further away and transcribed in an
opposite orientation and is thus regulated differently by the transcription factor GATA3
(refs. 28,29). CD28 co-stimulation also regulates epigenetic modification and enhanced
induction of IL-5 (refs. 28,30), but not IL-4 or IL-13. Transcriptional networks that regulate
epigenetic modification of Il5 may regulate the loci encoding CCR8 and IL-25R. Supporting
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this hypothesis, a recent study using chromatin immunoprecipitation sequencing to study the
genome-wide epigenetic effects of STAT4 and STAT6 transcription factor binding during T
helper cell differentiation found that Ccr8 is in a rare category of genes containing both
STAT4-repressive and STAT6-activating binding sites31. Thus, successive rounds of
polarization would enable removal of the inhibitory regulation of STAT4 on Ccr8
expression, enabling easier STAT6 induction of Ccr8 expression in more terminally
differentiated TH2 cells.

The role of CCR8 in TH2 cell migration has been controversial. Our study sheds light on this
controversy by highlighting stringent requirements for functional CCR8 expression on TH2
cells in vitro. In vivo models have also yielded conflicting results regarding the importance
of CCR8 in acute models of allergy and TH2 airway inflammation32-34. However, CCR8-
expressing effector TH2 cells were shown to have a role in a 46-d mast cell–dependent
model of chronic allergic airway inflammation35. The relative importance of CCR8-
regulated responses in different models of allergic airway inflammation may depend on the
kinetics of in vivo antigen-specific memory T cell generation36. Shorter-term acute models
may not capture the differentiation and reactivation of CCR8hi highly differentiated TH2
cells.

Our findings point to a link between eosinophils and CCR8+ TH2 cells in chronic TH2
inflammation, as sensitized Ccr8−/− mice have fewer local eosinophils and less local
induction of IL-5, IL-25 and the chemokines CCL11 and CCL24. A role for eosinophils in
the activation and proliferation of antigen-specific T cells in secondary but not primary
immune responses has been observed37. A recent study proposed that eosinophils critically
regulate TH2 responses during pulmonary allergen challenge38. Eosinophil-derived IL-25
also promotes IL-4–independent activation and effector functions of IL-25R–expressing
memory and effector TH2 cells20. IL-25R expression is also enhanced in CD3- and CD28-
activated, antigen-experienced human memory TH2 cells compared to in vitro TH2 effector
cells generated by one round of polarization20. Our findings lead us to propose that
eosinophil-derived IL-25 and IL-25R–expressing CCR8+ TH2 cell–derived IL-5 enable
reciprocal cross-regulation of eosinophils and TH2 cells to amplify local secondary allergic
immune responses.

Our studies suggest that CCR8+ TH2 cells, by producing TNF, are strongly
proinflammatory. TNF-expressing TH2 cells have been called ‘inflammatory’ TH2 cells and
are generated by OX40L-expressing dendritic cells21. Mouse CCL8–responsive and CCR8-
expressing TH2 cells in our study were enriched for OX40. OX40-expressing CCR8+

allergen-specific TH2 cells may be more likely to persist and promote recurrent disease, as
OX40 signaling prevents apoptosis and promotes long-term survival of activated T helper
cells39. This survival advantage may be reinforced by a second anti-apoptotic pathway
involving the autocrine production of CCL1 by CCR8+ activated TH2 cells40.

As in many other chemokine systems, the relative role of two CCR8 ligands must now be
considered when interpreting in vivo models of inflammation and disease, and their
respective roles are likely to depend on differential regulation in vivo. In the model of atopic
dermatitis studied here, mouse CCL8 was induced in the skin to levels 2 logs higher than
that of mouse CCL1, which was not induced. Moreover, mouse Ccl8 deficient–deficient
mice mirrored the defects evident in Ccr8-deficient mice, suggesting that mouse CCL8 was
the relevant CCR8 ligand. This conclusion was confirmed by our studies using a CCL1-
blocking antibody, which had no influence on the model. In a model of chronic allergic
pulmonary inflammation, a neutralizing antibody to mouse CCL1 produced a partial
reduction of airway hyperresponsiveness, leading the authors to speculate on the existence
of an unidentified CCR8 ligand35. In fact, considerable effort has been expended to identify
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a second CCR8 chemokine ligand. Putative CCR8 ligand assignments have been made, only
to be refuted in follow-up studies41,42. Our data convincingly show that mouse CCL8 is the
long-sought-after second mouse CCR8 chemokine ligand and is the crucial ligand that
mediates CCR8-dependent TH2 cell trafficking into skin to drive allergic skin inflammation.

The MCP chemokine cluster is not orthologous across the human and mouse genomes.
Although human CCL8 is a CCR2 agonist like the other MCPs, we have found that mouse
CCL8 is not a CCR2 agonist. Mouse CCL8 did not induce chemotactic activity in BMDMs,
CCR2 transfectants or NK cells, all of which responded to the CCR2 agonist CCL2. We also
found that human CCL8, in contrast to mouse CCL8, is not a functional CCR8 ligand. Thus,
although mouse CCL8 was given the designation orthologous to human CCL8 in the
database, our findings establish that they are not orthologous chemokines. However, the
mouse and human CCR8 receptors are orthologs, and our findings do not rule out the
possibility that there is a second human CCR8 ligand.

Our study expands the current paradigm of TH2 inflammation by showing that TH2 cells can
be further stratified based on production of IL-5 and IL-4. We propose that CCR8+ TH2 cells
are an IL-5–enriched subset associated with chronic allergic eosinophilic inflammation,
whereas CCR4+ TH2 cells are an IL-4–enriched subset associated with acute IgE-driven
allergic inflammation. In support of this concept, we found that blood CCR8+CD4+ T cells
were enriched in IL-5, whereas CCR4+CD4+ T cells produced abundant IL-4 and very little
IL-5. Ccr8−/− mice had diminished IL-5–driven inflammation, independent of IgE
production. Two types of allergic inflammation have been described in humans and in mice:
an IL-4– and IgE-dependent inflammation, and an IL-5– and eosinophil-dependent
inflammation43. Notably, a recent human study found that anaphylactic peanut allergy is
associated with a dominant IL-5−IL-4+ allergen-specific TH2 cell type associated with IgE
responses44. Conversely, a dominant IL-5+IL-4+ food allergen–specific TH2 cell type is
associated with allergic eosinophilic gastroenteritis that is less IgE dependent44. Our study
provides a relevant parallel to these human studies and provides functional relevance for the
reported observation in humans that more CCR8-expressing cells are found in the inflamed
skin of individuals with active atopic dermatitis relative to normal skin of healthy
individuals8.

Our findings establish that the diminished atopic inflammation in the skin of Ccr8-deficient
mice is a result of a trafficking defect and not the result of decreased functionality of Ccr8-
deficient T cells or compromised trafficking or functionality of antigen-presenting cells. Our
in vivo and in vitro data show that differentiation and effector function of Ccr8-deficient
TH2 cells were equivalent to wild-type TH2 cells. In competitive in vivo homing assays, we
detected fewer Ccr8-deficient TH2 cells compared to wild-type TH2 cells in inflamed skin
and DLNs, and we determined that these cells had an equivalent in vivo expansion capacity.
Thus, the mouse CCL8-CCR8 homing axis directs TH2 cell migration to skin and DLNs
during cutaneous allergic inflammation.

In conclusion, we define mouse CCL8 as an agonist of CCR8 and show a mouse CCL8-
CCR8–directed pathway of TH2 cell trafficking to the skin in chronic allergic inflammation.
We propose a model in which IL-5– and IL-25R–enriched, CCR8-expressing, highly
differentiated inflammatory TH2 cells synergize with locally recruited eosinophils to amplify
chronic TH2 inflammation.
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ONLINE METHODS
Mice

C57BL/6 mice congenic for Thy1.2 and Thy1.1 were from the National Cancer Institute and
The Jackson Laboratory, respectively. Ccr4−/− and Ccr5−/− mice on a C57BL/6 background
were from The Jackson Laboratory. Ccr8−/−, Ccl12−/−, Ccl8−/− Ccl12−/− and Ccr2−/− mice
were generated and backcrossed onto the C57BL/6 background as described and bred in our
facility32,45. Thy1.1 and Thy1.2 OTII mice on a C57BL/6 background transgenic for the
TCR recognizing the OVA(323–339) peptide and Il5-transgenic mice were gifts from P.
Shrikant, L. Lefrancois and C. Sanderson, respectively. Ccr8−/− OTII and Thy1.1+ ×
Thy1.2+ mice were bred in our laboratory34,46. BALB/c mice and DO11 mice transgenic for
the TCR recognizing OVA(323–339) on a BALB/c background were from The Jackson
Laboratory. Mice were housed under specific pathogen-free conditions. All protocols were
approved by the Massachusetts General Hospital Subcommittee on Research Animal Care.

Human studies
Peripheral blood was obtained from healthy volunteers, and fresh buffy coats were obtained
from the Massachusetts General Hospital blood bank. All human subject protocols were
approved by the Institutional Review Board. Informed consent was obtained from all study
participants.

EST database search for mouse Ccl8 and Escherichia coli expression system
An amino acid sequence BLAST search was conducted to identify sequences homologous to
human CCL13. The putative Ccl8 sequence was identified as an EST encoding a mouse CC
chemokine with homology to the MCP genes. The predicted mouse Ccl8 open reading frame
with the N-terminal glycine was expressed and purified from E. coli (PeproTech).

RNA hybridization and QPCR analysis
RNA hybridization and QPCR analysis were done as described46. Sequences of all validated
QPCR primers used are provided in Supplementary Table 1. QPCR data (with the exception
of Fig. 3a) were normalized with β2-microglobulin expression defined as 100.

Preparation of primary BMDMs, eosinophils, NK cells and lymph node T cells
Bone marrow cells were cultured in medium supplemented with mouse macrophage colony-
stimulating factor to generate BMDMs. Eosinophils were isolated from the spleens of Il5-
transgenic mice by negative selection (Miltenyi). Spleen NK and lymph node T cells were
obtained by magnetic bead purification (Miltenyi).

Generation of TH1-R1, TH2-R1, TH2-R2 and Th2-R2A cells
TH1-R1 and TH2-R1 cells were generated from CD4+ and CD4+CD62L+ T cells isolated
from spleens and lymph nodes of mice as described46. TH2-R2 cells were generated by
repolarizing TH2-R1 cells with irradiated splenocytes, OVA(323–339) peptide, or antibodies
to CD3, CD28, IL-4 or IFN-γ. TH1-R1, TH2-R1 and TH2-R2 cells were rested for 4 h in
low–IL-2 medium before migration assays. TH2-R2A cells were generated from TH2-R2
cells by activating with 2 μg/ml plate-bound antibody to CD3 (145.2C11; eBioscience) and
1 μg/ml soluble antibody to CD28 (37.51; eBioscience) for 24 h. Cells were then washed,
replated and rested for 5–6 h in low–IL-2 medium for migration or IL-2–free medium for
calcium flux. For in vivo homing, naive cells from Ccr8−/− OTII and Thy1.1 OTII mice
were differentiated under TH1- and TH2-polarizing conditions as above.
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Chemotaxis assays
BMDMs, T cells, NK cells, Ccr8- and Ccr2-transfected cells, and nontransfected cells (2.5 ×
104 per well) and eosinophils (1 × 106 per well) in RPMI containing 0.5% BSA were placed
on the top of a 96-well ChemoTx chemotaxis apparatus with 5-μm pores (Neuro Probe) as
described46. Mouse CCL8, mouse CCL2, mouse CCL22, mouse CXCL12 and human CCL8
were obtained from PeproTech; mouse CCL1 and human CCL1 were obtained from R&D
Systems. The number of cells migrating at each concentration of chemokine was normalized
to the number of cells migrating in the presence of medium alone (chemokinesis) to
calculate the chemotactic index for each leukocyte type. PTX (Sigma) or polyclonal goat
antibody to mouse CCR8 (Abcam) were used in some assays. For some experiments, 5 ×
105 TH2-R2A cells were placed in the upper chambers of Transwell plates (polycarbonate
membrane with 5-μm pore size and 12-mm diameter; Costar), and 600 μl of chemokine or
medium was placed in the lower chamber.

Calcium flux assays
Calcium flux was analyzed on a UV laser-equipped 13-color LSR II flow cytometer as
described47. Indo-1 fluorescence was analyzed with the UV-A detector at 530/30 and UV-B
detector at 440/40 for free and bound probe with Indo-1 (blue) and Indo-1 (violet),
respectively. Data were analyzed with standardized settings using FlowJo 8.8.

Intracytoplasmic cytokine staining
Mouse intracytoplasmic staining was done using a standard protocol46. Cells were stained
with FITC-conjugated antibody to IFN-γ (XMG1.2; BD Pharmingen) and either
phycoerythrin (PE)- or allophycocyanin (APC)-conjugated antibody to IL-4 (BVD4-1D11;
BD Pharmingen), FITC-conjugated antibody to IL-4 (BVD6-24G2; eBioscience), APC-
conjugated antibody to IL-5 (TRFK5; eBioscience), PE-conjugated antibody to TNF
(TN3-19.12; BioLegend), or PE-conjugated antibody to IL-9 (RM9A4; BioLegend). All
cells were also stained with isotype-control fluorochrome-conjugated IgG1 (R3-34; BD
Pharmingen). Cells were acquired on a FACSCalibur and analyzed with FlowJo 8.8.

Chemokine receptor transfectants
The IMAGE cDNA clone for mouse Ccr8 (clone id 40044993, accession no. BC103566)
was obtained from Open Biosystems. cDNA was amplified using forward primer 5′-
CGCAATAAGCTTATGGATTACACGATGGAGCCCAACGG-3′ (HindIII site
underlined) and reverse primer 5′-
GCGCGCGAATTCTTACAAGATGTCATCCAGGGTGGAAGAATGGG-3′ (Eco R1 site
underlined) and subcloned into pcDNA 3.1. Baf/3 mouse pro–B cell lymphoma cells were
transfected using the Amaxa nucleofection system (Lonza) to generate stable Ccr8-
transfected cells. Ccr2 receptor cloned into pcDNA3 (provided by I.F.C.) was transiently
transfected into Baf/3 cells.

Mouse model of atopic dermatitis
Atopic dermatitis was induced in mice as described25. Briefly, shaved back skin was
stripped with 3M scotch tape and epicutaneously treated with 100 μg of OVA (grade V;
Sigma) or PBS placed on a 1 × 1 cm2 patch of sterile gauze secured with a bio-occlusive
dressing (Tegaderm). Each mouse received three 1-week periods of epicutaneous
sensitization at 2-week intervals for a total 7-week period of sensitization. Specimens were
obtained on day 50 for histology, ELISA and RNA analysis 24 h after the patch from the
third sensitization was removed.
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In vivo competitive homing
OVA-sensitized recipient Thy1.1 × Thy1.2 mice received OVA(323–339)-activated OTII
Thy1.1 and Ccr8−/− OTII Thy1.2 T cells (1.5 × 107 and 1.5 × 107, respectively) on day 41.
Twenty-four hours later, recipients were topically sensitized with OVA for 96 h. Skin,
DLNs and spleens were then collected to quantify in vivo homing as described34,46. Cells
were stained with FITC-conjugated antibody to Thy-1.1(OX-7), APC-conjugated antibody
to Thy-1.2 (30-H12), PE-conjugated antibody to mouse CD4 (GK1.5) and the dead cell
marker 7-aminactinomycin D (all from BD Pharmingen). In vivo proliferation of adoptively
transferred cells was assayed by injecting mice with 2 mg of BrdU intraperitoneally 24 h
before collection. Cells were subsequently stained with antibody to BrdU (BD Biosciences)
after isolation for analysis.

In vivo CCL1 antibody inhibition
The monoclonal antibody to CCL1 (148113) and isotype control (54447) were obtained
from R&D Systems. The antibody or isotype control (100 μg per mouse) was given
intravenously twice during the final week (days 42 and 46) of epicutaneous sensitization,
based on published studies35,48,49.

Immunohistochemistry
H&E and immunofluorescence staining with polyclonal goat antibody to mouse CCL8
(R&D Systems) was done as described7.

Characterization of human TH2 subsets
Ex vivo characterization of cytokine production by human CD4+ T cells was done as
described47. Monoclonal antibody to human CCR8 (ref. 50) was purified from 433H
hybridoma (ATCC) supernatants and biotinylated according to the protocol outlined by M.
Roederer (http://www.drmr.com/abcon/). Antibodies to CCR4 (205410), CXCR5 (51505),
CCR7 (150503) and IL-25R (170220) were from R&D Systems; antibody to T1/ST2 (DJ8)
was from MD Biosciences; antibody to CRTh2 (BM16) was from Miltenyi; and FITC-
conjugated antibody to human IL-4 (MP4-25D2) and APC-conjugated antibody to IL-5
(TRFK5) were from eBioscience.

ELISA
Day 50 DLN cells were resuspended at 1 × 106/ml and stimulated with OVA (100 μg/ml) or
plate-bound antibody to CD3 (1 μg/ml) for 96 h. IL-5 and IL-4 concentrations in the
supernatant were measured with a sandwich ELISA from BioLegend.

Statistics
Statistical analysis was carried out using Student’s two-tailed t-test (unpaired) for means. P
< 0.05 was considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This work is funded by US National Institutes of Health grants K08-AI556663 and P30AR042689 (Harvard Skin
Disease Research Center Pilot & Feasibility Study) to S.A.I. and R37-AI040618 to A.D.L., and the Infectious
Diseases Society of America Young Investigator Award to S.A.I. The authors thank P. Murphy (National Institutes
of Health) for 4DE4 cells, J. Pease (Imperial College London) for human CCR8 receptor transfectants, P. Shrikant
(Roswell Park Cancer Institute) for transgenic Thy1.1 OTII mice, L. Lefrancois (University of Connecticut School

Islam et al. Page 12

Nat Immunol. Author manuscript; available in PMC 2013 December 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.drmr.com/abcon/


of Medicine) for transgenic Thy1.2 OTII mice, C. Sanderson (National Institute for Medical Research, London) for
Il5–transgenic mice, S. Thomas for assistance with calcium flux studies and T. Means for assistance with design
and validation of QPCR primers.

References
1. Zlotnik A, Yoshie O, Nomiyama H. The chemokine and chemokine receptor superfamilies and their

molecular evolution. Genome Biol. 2006; 7:243. [PubMed: 17201934]

2. Nomiyama H, et al. Comparative DNA sequence analysis of mouse and human CC chemokine gene
clusters. J Interferon Cytokine Res. 2003; 23:37–45. [PubMed: 12639297]

3. Bromley SK, Mempel TR, Luster AD. Orchestrating the orchestrators: chemokines in control of T
cell traffic. Nat Immunol. 2008; 9:970–980. [PubMed: 18711434]

4. Sallusto F, Mackay CR, Lanzavecchia A. The role of chemokine receptors in primary, effector, and
memory immune responses. Annu Rev Immunol. 2000; 18:593–620. [PubMed: 10837070]

5. Sigmundsdottir H, Butcher EC. Environmental cues, dendritic cells and the programming of tissue-
selective lymphocyte trafficking. Nat Immunol. 2008; 9:981–987. [PubMed: 18711435]

6. Ebert LM, Meuter S, Moser B. Homing and function of human skin gammadelta T cells and NK
cells: relevance for tumor surveillance. J Immunol. 2006; 176:4331–4336. [PubMed: 16547270]

7. Schaerli P, et al. A skin-selective homing mechanism for human immune surveillance T cells. J Exp
Med. 2004; 199:1265–1275. [PubMed: 15123746]

8. Gombert M, et al. CCL1–CCR8 interactions: an axis mediating the recruitment of T cells and
Langerhans-type dendritic cells to sites of atopic skin inflammation. J Immunol. 2005; 174:5082–
5091. [PubMed: 15814739]

9. Zheng Y, et al. Regulatory T-cell suppressor program co-opts transcription factor IRF4 to control
TH2 responses. Nature. 2009; 458:351–356. [PubMed: 19182775]

10. Kremer L, et al. The transient expression of C–C chemokine receptor 8 in thymus identifies a
thymocyte subset committed to become CD4+ single-positive T cells. J Immunol. 2001; 166:218–
225. [PubMed: 11123295]

11. Hoshino A, et al. Inhibition of CCL1–CCR8 interaction prevents aggregation of macrophages and
development of peritoneal adhesions. J Immunol. 2007; 178:5296–5304. [PubMed: 17404314]

12. Qu C, et al. Role of CCR8 and other chemokine pathways in the migration of monocyte-derived
dendritic cells to lymph nodes. J Exp Med. 2004; 200:1231–1241. [PubMed: 15534368]

13. D’Ambrosio D, et al. Selective up-regulation of chemokine receptors CCR4 and CCR8 upon
activation of polarized human type 2 Th cells. J Immunol. 1998; 161:5111–5115. [PubMed:
9820476]

14. Zingoni A, et al. The chemokine receptor CCR8 is preferentially expressed in Th2 but not Th1
cells. J Immunol. 1998; 161:547–551. [PubMed: 9670926]

15. Dairaghi DJ, Fan RA, McMaster BE, Hanley MR, Schall TJ. HHV8-encoded vMIP-I selectively
engages chemokine receptor CCR8. Agonist and antagonist profiles of viral chemokines. J Biol
Chem. 1999; 274:21569–21574. [PubMed: 10419462]

16. Lüttichau HR, et al. A highly selective CC chemokine receptor (CCR)8 antagonist encoded by the
poxvirus molluscum contagiosum. J Exp Med. 2000; 191:171–180. [PubMed: 10620615]

17. Gong X, et al. Monocyte chemotactic protein-2 (MCP-2) uses CCR1 and CCR2B as its functional
receptors. J Biol Chem. 1997; 272:11682–11685. [PubMed: 9115216]

18. Fort MM, et al. IL-25 induces IL-4, IL-5, and IL-13 and Th2-associated pathologies in vivo.
Immunity. 2001; 15:985–995. [PubMed: 11754819]

19. Takatsu K, Nakajima H. IL-5 and eosinophilia. Curr Opin Immunol. 2008; 20:288–294. [PubMed:
18511250]

20. Wang YH, et al. IL-25 augments type 2 immune responses by enhancing the expansion and
functions of TSLP-DC-activated Th2 memory cells. J Exp Med. 2007; 204:1837–1847. [PubMed:
17635955]

21. Liu YJ, et al. TSLP: an epithelial cell cytokine that regulates T cell differentiation by conditioning
dendritic cell maturation. Annu Rev Immunol. 2007; 25:193–219. [PubMed: 17129180]

Islam et al. Page 13

Nat Immunol. Author manuscript; available in PMC 2013 December 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



22. Gong JH, Clark-Lewis I. Antagonists of monocyte chemoattractant protein 1 identified by
modification of functionally critical NH2-terminal residues. J Exp Med. 1995; 181:631–640.
[PubMed: 7836918]

23. Spangrude GJ, Sacchi F, Hill HR, Van Epps DE, Daynes RA. Inhibition of lymphocyte and
neutrophil chemotaxis by pertussis toxin. J Immunol. 1985; 135:4135–4143. [PubMed: 2999238]

24. Iellem A, et al. Inhibition by IL-12 and IFN-alpha of I-309 and macrophage-derived chemokine
production upon TCR triggering of human Th1 cells. Eur J Immunol. 2000; 30:1030–1039.
[PubMed: 10760790]

25. Jin H, He R, Oyoshi M, Geha RS. Animal models of atopic dermatitis. J Invest Dermatol. 2009;
129:31–40. [PubMed: 19078986]

26. Wang G, et al. Repeated epicutaneous exposures to ovalbumin progressively induce atopic
dermatitis-like skin lesions in mice. Clin Exp Allergy. 2007; 37:151–161. [PubMed: 17210053]

27. Ansel KM, Djuretic I, Tanasa B, Rao A. Regulation of Th2 differentiation and Il4 locus
accessibility. Annu Rev Immunol. 2006; 24:607–656. [PubMed: 16551261]

28. Inami M, et al. CD28 costimulation controls histone hyperacetylation of the interleukin 5 gene
locus in developing th2 cells. J Biol Chem. 2004; 279:23123–23133. [PubMed: 15039422]

29. Shinnakasu R, et al. Critical YxKxHxxxRP motif in the C-terminal region of GATA3 for its DNA
binding and function. J Immunol. 2006; 177:5801–5810. [PubMed: 17056504]

30. Das J, et al. A critical role for NF-kappa B in GATA3 expression and TH2 differentiation in
allergic airway inflammation. Nat Immunol. 2001; 2:45–50. [PubMed: 11135577]

31. Wei L, et al. Discrete roles of STAT4 and STAT6 transcription factors in tuning epigenetic
modifications and transcription during T helper cell differentiation. Immunity. 2010; 32:840–851.
[PubMed: 20620946]

32. Chensue SW, et al. Aberrant in vivo T helper type 2 cell response and impaired eosinophil
recruitment in CC chemokine receptor 8 knockout mice. J Exp Med. 2001; 193:573–584.
[PubMed: 11238588]

33. Goya I, et al. Absence of CCR8 does not impair the response to ovalbumin-induced allergic airway
disease. J Immunol. 2003; 170:2138–2146. [PubMed: 12574386]

34. Mikhak Z, et al. Contribution of CCR4 and CCR8 to antigen-specific TH2 cell trafficking in
allergic pulmonary inflammation. J Allergy Clin Immunol. 2009; 123:67–73.e3. [PubMed:
19062085]

35. Gonzalo JA, et al. Coordinated involvement of mast cells and T cells in allergic mucosal
inflammation: critical role of the CC chemokine ligand 1:CCR8 axis. J Immunol. 2007; 179:1740–
1750. [PubMed: 17641040]

36. Ahmed R, Gray D. Immunological memory and protective immunity: understanding their relation.
Science. 1996; 272:54–60. [PubMed: 8600537]

37. Voehringer D, Reese TA, Huang X, Shinkai K, Locksley RM. Type 2 immunity is controlled by
IL-4/IL-13 expression in hematopoietic non-eosinophil cells of the innate immune system. J Exp
Med. 2006; 203:1435–1446. [PubMed: 16702603]

38. Jacobsen EA, et al. Allergic pulmonary inflammation in mice is dependent on eosinophil-induced
recruitment of effector T cells. J Exp Med. 2008; 205:699–710. [PubMed: 18316417]

39. Croft M. Control of immunity by the TNFR-related molecule OX40 (CD134). Annu Rev Immunol.
2010; 28:57–78. [PubMed: 20307208]

40. Van Snick J, Houssiau F, Proost P, Van Damme J, Renauld JC. I-309/T cell activation gene-3
chemokine protects murine T cell lymphomas against dexamethasone-induced apoptosis. J
Immunol. 1996; 157:2570–2576. [PubMed: 8805659]

41. Bernardini G, et al. Identification of the CC chemokines TARC and macrophage inflammatory
protein-1 beta as novel functional ligands for the CCR8 receptor. Eur J Immunol. 1998; 28:582–
588. [PubMed: 9521068]

42. Fox JM, et al. Structure/function relationships of CCR8 agonists and antagonists. Amino-terminal
extension of CCL1 by a single amino acid generates a partial agonist. J Biol Chem. 2006;
281:36652–36661. [PubMed: 17023422]

43. Drazen JM, Arm JP, Austen KF. Sorting out the cytokines of asthma. J Exp Med. 1996; 183:1–5.
[PubMed: 8551212]

Islam et al. Page 14

Nat Immunol. Author manuscript; available in PMC 2013 December 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



44. Prussin C, Lee J, Foster B. Eosinophilic gastrointestinal disease and peanut allergy are alternatively
associated with IL-5+ and IL-5− TH2 responses. J Allergy Clin Immunol. 2009; 124:1326–
1332.e6. [PubMed: 20004787]

45. Tsou CL, et al. Critical roles for CCR2 and MCP-3 in monocyte mobilization from bone marrow
and recruitment to inflammatory sites. J Clin Invest. 2007; 117:902–909. [PubMed: 17364026]

46. Tager AM, et al. Leukotriene B4 receptor BLT1 mediates early effector T cell recruitment. Nat
Immunol. 2003; 4:982–990. [PubMed: 12949531]

47. Islam SA, et al. The leukotriene B4 lipid chemoattractant receptor BLT1 defines antigen-primed T
cells in humans. Blood. 2006; 107:444–453. [PubMed: 16179368]

48. Xie JF, et al. Selective neutralization of the chemokine TCA3 reduces the increased injury of
partial versus whole liver transplants induced by cold preservation. Transplantation. 2006;
82:1501–1509. [PubMed: 17164723]

49. He R, Oyoshi MK, Jin H, Geha RS. Epicutaneous antigen exposure induces a Th17 response that
drives airway inflammation after inhalation challenge. Proc Natl Acad Sci USA. 2007;
104:15817–15822. [PubMed: 17893340]

50. Mutalithas K, et al. Expression of CCR8 is increased in asthma. Clin Exp Allergy. 2010; 40:1175–
1185. [PubMed: 20455898]

Islam et al. Page 15

Nat Immunol. Author manuscript; available in PMC 2013 December 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Mouse CCL8 RNA and protein are detected in normal mouse skin. (a) Relative positioning
of the six MCP-cluster chemokine genes on human chromosome 17 and mouse chromosome
11, modified from the Ensembl site. Black, known orthologs; blue, non-orthologs; red,
presumed orthologs (focus of our study here). (b) Percent identity/percent similarity of
amino acids using the GenBank sequence extending from the start codon to the stop codon,
calculated using the EMBOSS Needleman-Wunsch algorithm. m, Mouse; h, human. (c)
RNA hybridization blot comparing mRNA expression of MCP-family chemokines and
CCL11 (eotaxin-1) in pooled organs of normal BALB/c mice, conducted once. (d)
Representative immunofluorescence staining of normal wild-type (WT) C57BL/6 mouse
skin and Ccl8−/−Ccl12−/− C57BL/6 mouse skin with a primary polyclonal antibody to mouse
CCL8 and a fluorescein isothiocyanate (FITC)-conjugated secondary antibody. Data are
reflective of at least six independent experiments from three or more mice.
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Figure 2.
Mouse CCL8 induces migration and calcium flux in TH2-R2A cells. (a) Migration of mouse
BMDMs to mouse CCL8 and CCL2. (b) Migration of NK cells to mouse CCL8, CCL2,
CCL4 and CXCL11. (c) Migration of lymph node CD4+ and CD8+ T cells to mouse CCL8
and CXCL12. (d) Representative cytokine profiles and assays of TH1-R1 cell migration to
mouse CCL8. Migration to mouse CXCL11 and CXCL12 was a positive control. (e)
Representative cytokine profiles and assays of TH2-R1 cell migration to mouse CCL8.
Migration to mouse CCL22 and CXCL12 was a positive control. Data in a–e are
representative of three or more experiments. (f) Dose-response migration of TH2-R2A cells
to mouse CCL8 (representative of more than 10 experiments) and PTX-mediated inhibition
of mouse CCL8–induced migration (one of three independent experiments shown). Results
in a–f are shown as mean ± s.e.m. (g) Analysis of TH2-R2A cells for calcium flux to 40 nM
mouse CCL8 (downward arrow indicates time of addition); representative of eight separate
experiments. (h) Analysis of dose-response of TH2-R2A cells to mouse CCL8 in calcium
flux assays; representative of two independent experiments. Arrows pointing up indicate
onset of control calcium flux response to ionomycin (1 μg/ml) at each concentration of
chemokine.
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Figure 3.
CCR8 is required for mouse CCL8-induced TH2-R2A cell migration. (a) CC-chemokine
receptor mRNA enrichment measured by QPCR in TH2-R2A cells that migrated to mouse
CCL8 in Transwell assays relative to medium alone; representative of three experiments. (b)
Kinetics of mouse Ccr8 and Ccl1 mRNA induction in TH2-R2A cells generated by repeat
rounds of polarization and subsequent activation with antibodies to CD3 and CD28. Data are
normalized to β2-microglobulin and presented on a scale of 0 to 100; representative of three
experiments. (c) Comparison of Ccr8 mRNA expression in leukocyte subsets assayed for
mouse CCL8 migration; representative of two to five experiments. (d) Comparison of
chemotaxis of wild-type (WT), Ccr8-, Ccr2- and Ccr5-deficient TH2-R2A cells to mouse
CCL8 or mouse CCL1; control migration to the CCR4 agonist CCL22 is also shown. One of
three experiments is shown. (e) Dose-dependent inhibition of wild-type TH2-R2A cell
migration to mouse CCL8 using a neutralizing polyclonal mouse CCR8 antibody (nAb), and
migration to control CCL22 chemokine at various concentrations of antibody. One of two
experiments is shown. Results in d and e are shown as mean ± s.e.m.
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Figure 4.
Mouse CCL8 is a specific agonist of mouse and human CCR8. (a) Dose-response
chemotaxis assay of mouse Ccr8–transfected Baf/3 cells to mouse CCL8 and CCL1.
Untransfected Baf/3 cells migrated only to CXCL12 (data not shown). (b) Calcium flux of
mouse Ccr8–transfected cells to mouse CCL8 but not to the CCR4 agonist mouse CCL22.
Mouse CCL8 did not induce calcium flux of untransfected Baf/3 cells, but positive control
CXCL12 did. (c) Dose-response calcium flux of mouse Ccr8–transfected cells to mouse
CCL8. (d) Cross-desensitization of mouse Ccr8–transfected cells to mouse CCL8 and
CCL1. (e) Dose-response chemotaxis assay of human CCR8 receptor–transfected 4DE4
cells to mouse CCL8 and CCL1. Nontransfected 4DE4 cells did not migrate to either ligand
(data not shown). (f) Specificity of mouse CCL8–induced calcium flux signaling in human
CCR8–transfected cells, as shown by desensitization to repeat signaling by mouse CCL8;
lack of flux of untransfected 4DE4 cells to mouse CCL8. (g) Human CCL8 did not induce
calcium flux in CCR8-transfected cells. (h) Cross-desensitization of human CCR8–
transfected cells by mouse CCL8 and human CCL1. Data are representative of at least three
independent experiments (error bars (a–e), s.e.m).
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Figure 5.
Ccr8−/− and Ccl8−/−Ccl12−/− mice have decreased skin inflammation in a model of chronic
atopic dermatitis. Histological analysis of skin was done on day 50, 24 h after the last of
three 1-week rounds of topical sensitization with PBS or OVA. (a) Hematoxylin and eosin
(H&E) staining of wild-type (WT) and Ccr8−/− mice sensitized with PBS or OVA. Far
right, immunohistochemical analysis of CD3+ T cells in sensitized skin of wild-type and
Ccr8−/− mice. Data are representative of three to seven experiments. (b) H&E staining of
wild-type and Ccl8−/−Ccl12−/− mice sensitized with PBS or OVA. Far-right panels are at
higher magnification, showing eosinophils and characteristic spongiosis of keratinocytes in
wild-type sensitized mice; representative of three experiments. (c) H&E staining of OVA-
sensitized Ccr4−/− and Ccl12−/− mice; representative of two experiments. (d) Skin
thickness and leukocyte counts in wild-type and Ccr8−/− mice shown as mean ± s.e.m.; n =
6–8 mice per group. *P < 0.00001, **P = 0.004, ***P = 0.002, ****P = 0.02 and *****P =
0.005 for OVA-sensitized Ccr8−/− versus wild-type mice. HPF, high-powered field. (e) Skin
thickness and leukocyte counts in OVA-sensitized wild-type, Ccl8−/−Ccl12−/−, Ccl12−/−

and Ccr4−/− mice. *P = 0.0004, **P = 0.02, ***P < 0.00001 and ****P < 0.00001 for
gene-deficient versus wild-type mice. Data are shown as mean ± s.e.m.; n = 6–9 mice per
group. (f) H&E-stain of OVA-sensitized wild-type mice treated with CCL1-neutralizing
antibody (left) or isotype control (right) during last week of epicutaneous sensitization. (g)
Skin thickness and leukocyte counts in mice from f; n = 4–5 mice per group in two
independent experiments. Scale bar = 100 μm in all photomicrographs except for far-right
panels in b, where scale bar = 20 μm.
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Figure 6.
Ccr8−/− mice have decreased production of IL-5, IL-25 and eosinophil-active chemokines in
allergen-sensitized skin. (a) QPCR measurements of transcripts for eosinophil-attracting
chemokines. (b) Summary of QPCR measurements of chemokine mRNA expression in skin
biopsies of wild-type (WT; *P = 0.01, **P = 0.0004 and ***P = 0.003 for PBS versus
OVA) and Ccr8−/− (*P = 0.04 and **P = 0.03 for PBS versus OVA) mice after topical
sensitization. (c) QPCR measurements of transcripts for TH2 cytokines. NS, not significant.
(d) Serum OVA-specific IgE and IgG1 concentrations measured by enzyme-linked
immunosorbent assay (ELISA) in sensitized mice. (e) QPCR of transcripts for CCR8
ligands. (f) Representative immunofluorescence analysis of mouse CCL8 protein expression
in PBS-sensitized epidermis (epi) and dermis (derm) and OVA-sensitized epidermis and
dermis of wild-type and Ccr8−/− mice from two experiments; n = 4 mice per group. (g, h)
QPCR measurements of CCR4 and CCR10 ligands in skin biopsies of wild-type and
Ccr8−/− mice after topical sensitization. (i) TH2 cytokine production by DLN cells after ex
vivo stimulation with OVA protein and CD3, measured by ELISA (n = 8–10 mice per
group). Pooled data from three experiments are shown. Results in b and i are shown as mean
± s.e.m. All data were obtained 50 d after the initiation of sensitization and are reflective of
at least three experiments, except for f.
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Figure 7.
Competitive in vivo homing of adoptively transferred OVA-specific wild-type and Ccr8−/−

TH2 and TH1 cells in OVA-sensitized mice. OVA(323–339) peptide–specific TCR-
transgenic (OTII) Thy1.1 and Ccr8−/− OTII Thy1.2 TH2 cells were transferred into OVA-
sensitized Thy1.1 × Thy1.2 mice on day 41. Separate mice received OTII Thy1.1 TH1 cells
and Ccr8−/− OTII Thy1.2 TH1 cells. Twenty-four hours later, recipient mice underwent
topical sensitization with OVA for 96 h, and sensitized skin, DLN and spleen cells were
analyzed by flow cytometry. (a) CD4+ T cells recovered from organs at time of collection.
Top, mice that received TH2 cells; bottom, mice that received TH1 cells. (b) Homing index
was calculated as the ratio of wild-type Thy1.1 to Ccr8−/− Thy1.2 cells, corrected for input
ratio at time of transfer. Summary of competitive in vivo homing of wild-type and Ccr8−/−

TH2 (left; n = 13–16 mice) and TH1 (right; n = 6 mice) cells from three or more
experiments. (c) In vivo proliferation of transferred OTII Thy1.1 wild-type and OTII Thy1.2
Ccr8−/− TH2 cells in response to antigen was assessed by injecting sensitized recipient mice
with BrdU intraperitoneally 24 h before organ collection in experiments set up as above.
Left and middle, representative BrdU staining of wild-type and Ccr8−/− T cells isolated
from lymph nodes. Right, summary of three experiments comparing in vivo proliferation of
wild-type and Ccr8−/− T cells measured by BrdU uptake; n = 12 mice. (d) Amounts of TH1
cell–active (Cxcl9 and Cxcl10) and TH2–cell active (Ccl1, Ccl8, Ccl17 and Ccl22)
chemokine mRNA in unsensitized and OVA-sensitized wild-type day-50 skin DLNs and
spleen; n = 6 mice. ND, not detected. (e) Comparison of steady-state mRNA expression of
Ccl1, Ccl8 and Ccl21 in lymph nodes draining various organs in normal 6- to 8-week-old
mice; pooled data from n = 3–7 mice are shown as mean ± s.e.m. (f) Ccl1 and Ccl8 mRNA
expression in organ library of representative C57BL/6 mouse.
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Figure 8.
Mouse CCL8–responsive TH2-R2A cells are enriched for IL-5, IL-25R, TNF and OX40. (a)
Flow cytometry of IL-4 and IL-5 by ICS in TH2-R1, TH2-R2, and TH2-R2A cells;
representative of six experiments. Below each plot is the chemotactic index of the various
TH2 cells to mouse CCL8 compared to medium alone in migration assays. (b) Gata3 mRNA
expression in paired TH2-R1 and TH2-R2 cells from four independent experiments; *P =
0.02. (c) Correlation of Ccr8 and Tnfrsf4 (OX40) mRNA expression in TH2-R2A cells. (d)
Flow cytometry of TNF and IL-9 by ICS in TH2-R2A cells; representative of three to six
experiments. (e) Enrichment of TH2-associated cytokines and receptors in TH2-R2A cells
that migrated to mouse CCL8 and CXCL12 relative to medium in Transwell assay;
schematic of assay shown on right. Representative of at least three experiments. (f) QPCR
analysis of Tnf and Tnfrsf4 mRNA expression in skin biopsies of wildtype and Ccr8−/− mice
after topical sensitization. Pooled data from two to three independent experiments with n =
5–9 mice per group are shown; *P = 0.03 and **P = 0.03 in OVA-sensitized wild-type
versus Ccr8−/− mice. (g) Flow cytometry of IL-5 and IL-4 by ICS after phorbol myristate
acetate–ionomycin activation of peripheral blood CD4+ T cells from healthy human donors.
Data from same sample were gated on CCR8+CD4+ T cells (left) and bulk total CD4+ T
cells (right); reflective of data from seven donors. (h) Summary of IL-5 and IL-4 cytokine
production by circulating fresh CD4+ T cell subsets from healthy human donors. Results are
shown as mean ± s.e.m., reflecting data from n = 3–7 donors.
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