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Inflamed skin contains CD4 T-cell subsets that express
chemokine receptors CCR4, CCR6, and/or CCR10. Prior
attempts to reveal the distinct role(s) of each receptor in
T-cell trafficking to skin have not produced a coherent
story. Different conclusions drawn by separate research
groups are difficult to reconcile because of the disparate
inflammation models used. Here we directly compare
CD4 T cells from wild-type, CCR4�/�, CCR6�/�, and
CCR10�/� mice in parallel assays of trafficking to skin.
Our models require direct competition between wild-
type and receptor-deficient populations for access to
inflamed cutaneous sites. Major histocompatibility com-
plex-peptide tetramers allowed us to identify antigen-
specific endogenous long-term memory CD4 T cells
within skin after multiple topical immunizations. We
separately analyzed cells from the dermal and epider-
mal layers, allowing us to assess the involvement of
each receptor in trafficking between dermis and epider-
mis. We found that CCR4 deficiency reduces accumula-
tion of memory CD4 T cells in skin by approximately
20-fold, but neither CCR6 nor CCR10 deficiency yielded
any detectable effects. Strikingly, no differences in der-
mal versus epidermal localization were observed for
cells lacking any of these three receptors. Our findings
raise the possibility that CCR6 and CCR10 play (as yet)
unknown roles in cutaneous T-cell immunology, unre-
lated to skin-specific trafficking. (Am J Pathol 2011, 178:
2496–2503; DOI: 10.1016/j.ajpath.2011.02.031)

Our current understanding of T-lymphocyte trafficking

suggests that the circulating T-cell pool contains multiple
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antigen-experienced subsets bearing distinct tissue tro-
pisms. The two best understood are those associated
with skin or intestine. Together, these two populations
comprise at least half of all blood-borne antigen-experi-
enced CD4 T cells.1 Each subset is responsible for im-
munological memory and immunosurveillance of its own
target tissue. In both mice and human beings, skin-hom-
ing cells express E-selectin ligand (E-lig), whereas intes-
tine-homing cells express integrin �4�7.1 Each of these
adhesion molecules is required for normal homing of
each cell type to its respective target organ.2 Both regu-
latory T cells and memory/effector CD4 T cells appear to
use these same tissue-specific homing mechanisms.3–6

In concert with adhesion molecules, CCRs also appear
to play an important role in tissue-specific T-cell homing.
One such receptor, CCR9, is clearly required for homing
of �4�7� T cells to the small intestine.7,8 In the skin, three
different chemokine receptors have been put forward as
mediators of T-cell homing during inflammation. These are
CCR4, CCR6, and CCR10.9–11 T-cell homing to skin can be
broken up into steps, including extravasation through der-
mal venules from blood, and migration from dermis to epi-
dermis.12

CCR6 has been proposed as a skin-associated T-cell
homing molecule because of its expression by some
E-lig� T cells in the blood.11 However, although CCR6 is
indeed expressed by a large proportion of skin-resident
CD4 T cells,13 it also similarly is expressed by those
residing in lung,14 liver,15 and intestine.16 Thus, if CCR6
truly does play a role in cutaneous immunology, it is also
likely to play similar roles in other tissues. Nonetheless,
the potential role of CCR6 in cutaneous homing has not
yet been formally confirmed or dismissed in vivo.

Chemokine receptors CCR4 and CCR10 are closely
associated with the E-lig� skin-homing CD4 T-cell popu-
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lation.9,10 However, the specific contribution of each re-
ceptor to skin-specific T-cell trafficking is not yet clear
and at times has been quite controversial. One study
concluded that a function-blocking monoclonal antibody
(mAb) against the CCR10 ligand CCL27/CTACK could
prevent T-cell homing to skin in CCR4-deficient mice, but
not in wild-type (WT) mice.17 This suggested a functional
redundancy between CCR4 and CCR10 (ie, no effects
were detected unless both CCR4 and CCR10 signaling
were disrupted).

In contrast, another study concluded that the same
anti-CCL27 mAb used in the earlier-described experi-
ments was (by itself) sufficient to prevent skin-specific
T-cell homing in WT mice.10 This suggested that CCR10
alone was required for T-cell trafficking to skin because
no redundancy with CCR4 was evident.

Our own recent study shows a nonredundant role for
CCR4 in an antigen-dependent skin-specific homing
model of T-cell receptor-transgenic CD4 T cells.4 Unlike
the first two studies, the latter benefits by its indepen-
dence from the caveats associated with in vivo mAb in-
jection. The use of CCR4-deficient cells allowed us to
directly compare CCR4�/� and WT cells within individual
animals. Such competitive assays provide an extremely
sensitive assessment of individual homing molecules and
their roles in tissue-specific trafficking because WT and
receptor-deficient populations must compete with each
other to accumulate within the tissue of interest.3,18,19

Although only one study appears to support a nonre-
dundant role for CCR10 in T-cell homing to skin,10 cir-
cumstantial evidence continues to implicate CCR10 as
an important player at some level in cutaneous trafficking.
For instance, CCL27, one of the two known ligands for
CCR10, is produced exclusively and constitutively by
epidermal keratinocytes.20,21 Furthermore, CCR10 tran-
scription by antigen-specific CD4 T cells is associated
with exposure to 1,25-dihydroxy-vitamin-D3, a nutrient
generated within sun-exposed skin.22,23

Thus, a division of labor hypothesis has been put for-
ward to explain the evolutionary necessity for two distinct
chemokine receptors in cutaneous trafficking, based on
the specific anatomical site where each receptor’s ligand
is localized within skin (ie, the presence of CCR4 ligand
on dermal endothelial lumen, and the expression of
CCR10 ligand by epidermal keratinocytes1,17,24). This
hypothesis proposes that CCR4 facilitates entry of T cells
into skin from blood, whereas CCR10 controls their sub-
sequent migration from dermis to epidermis.

To begin resolving inconsistencies among previous
skin-homing studies, we have directly compared CD4 T
cells from WT, CCR4�/�, CCR6�/�, and CCR10�/� mice
in side-by-side assays under identical in vivo conditions.
We have taken two complementary in vivo approaches.
The first assesses the contribution of each of the 3 re-
ceptors to antigen-dependent accumulation of long-term
memory endogenous T cells within skin. This was
achieved through a recently developed major histocom-
patibility complex (MHC) class II tetramer system that
identifies endogenous antigen-specific CD4 T cells.25

The second approach assessed the requirement for each

receptor in blood-to-dermis and dermis-to-epidermis mi-
gration, using an OT-II adoptive transfer system and cal-
culating antigen-specific accumulation of T cells sepa-
rately within dermis versus epidermis.

Materials and Methods

Mice

C57Bl/6 mice (CD45.2�) and their CD45.1� congenic
counterparts were purchased from Charles River Labs (Wil-
mington, MA). CCR4�/�, CCR6�/�, and CCR10�/� mice
were highly backcrossed (�12�) onto the C57Bl/6 back-
ground. CCR6-deficient mice were a generous gift from
Sergio A. Lira (Mt. Sinai Hospital, New York, NY), and
CCR10-EGFP function-disrupting knock-in mice were a
generous gift from Craig Gerard and Olivier Morteau (Chil-
drens Hospital Boston, Boston, MA). It should be noted that
the non-specific EGFP signal found in early examples of
mice bearing the CCR10-EGFP construct26 was essentially
eliminated after this extensive backcrossing (J.J.C., unpub-
lished data). The OT-II version of each strain described
earlier was generated by directly mating homozygous OT-II
mice with homozygous CCR knockouts (both already on the
C57Bl/6 background), and then mating together the F1
progeny, from which one in eight offspring were homozy-
gous for both loci. Creating the OT-II/CCR10�/� combina-
tion was more labor intensive because the OT-II construct
apparently was inserted within the chromosome containing
the CCR10 locus. Thus, a crossover event was required that
occurred in only one in approximately 90 offspring.

Creation of Bone Marrow Chimeras

Bone marrow (BM) chimeras were generated as de-
scribed by Baekkevold et al.3 Briefly, BM-derived cells
from each donor were mixed at a 1:1 ratio in combina-
tions denoted in the text and figures. Recipient mice (F1
CD45.1/CD45.2 heterozygous mice, 6 to 8 weeks) were
lethally irradiated with 2 � 600 rads from a cesium-137
source irradiator. Recipient mice were anesthetized with
ketamine/xylazine, and received 2 � 106 BM-derived
cells (1 � 106 from each donor) via a retro-orbital injec-
tion. Mice were given Sulfatrim (Alpharma USDP, Inc.,
Baltimore, MD) in drinking water for 3 weeks after irradi-
ation. Bone marrow chimerism was confirmed via flow
cytometric analysis10 of peripheral blood 6 weeks after
reconstitution.

OT-II Adoptive Transfer

Splenocytes from OT-II or CCR�/�/OT-II were adoptively
transferred i.v. as described by Campbell et al,4 except
that fewer cells were transferred (5 � 106 total spleno-
cytes) because this lower number gave similar results but
required sacrifice of fewer donor mice (N.J.T., unpub-
lished observations).

Topical Ear Skin Immunization

Topical immunization of ear skin after tape stripping

was performed exactly as described by Baekkevold
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et al3 and Campbell et al.4 The peptide antigen
was either 2W1S (AWGALANWAVDS) or OVA323-339

(ISQAVHAAHAEINEAGR), both purchased form Bio-
matik, Inc. (Markham, ON, Canada). The adjuvant
(cholera toxin) was purchased from List Biological
Labs, Inc. (Campbell, CA).

Isolation of Cells from Intact Skin

Ears were harvested from three to five mice per condition.
Before ear removal, euthanized animals were flushed with 5
mL PBS via cardiac puncture, to flush blood from peripheral
vessels. Ears then were excised, and dorsal and ventral
sides were separated and minced using scalpel blades.
Pooled skin pieces then were put into a 50-mL Erlenmeyer
flask containing 20 mL HBSS � 10 mmol/L HEPES � 2
mmol/L EDTA (Gibco/Invitrogen, Grand Island, NY) and
gently agitated with a stir bar at 4°C for 4 hours. The result-
ing cell solution was passed through a 40-�m filter (to re-
move any excess hair particles), washed twice with PBS �
10% bovine serum (Gibco/Invitrogen), and stained for flow
cytometry.

Separation of Dermis and Epidermis

Ears were harvested from three to five mice per condition,
and mice were flushed with 5 mL PBS as described
earlier. Dorsal and ventral ear sides were separated with
forceps. Dorsal ear halves were floated dermal side down
in 2.0 U/mL solution of Dispase II (Roche Diagnostics,
Indianapolis, IN) in PBS for 40 minutes at 37°C. Dorsal
halves then were rinsed in PBS to eliminate residual en-
zyme. Epidermal sheets were lifted off of dorsal dermis of
ears using forceps. Ventral sides were not used for der-
mal/epidermal separation. We found that epidermis lifted
easily off of dermis whether or not the skin was inflamed,
suggesting that our topical inflammation model did not
disrupt the dermal/epidermal structure. Epidermal and
dermal sheets were minced separately, and placed into
50-mL Erlenmeyer flasks containing 20 mL HBSS � 10
mmol/L HEPES � 2 mmol/L EDTA, and cell suspensions
were prepared as for whole skin, as described earlier.

2W1S-Specific MHC Class II Tetramer

2W1S-specific MHC class II tetramer (2W1S:I-Ab) was
prepared by J.B.M. with Marc Jenkins (University of Min-
nesota, Minneapolis, MN) as described.25

Flow Cytometry

Directly conjugated mAbs were purchased from eBiosci-
ence (La Jolla, CA) or BD Pharmingen (San Jose, CA).
The 2W1S:I-Ab tetramer was a generous gift from Marc
Jenkins (University of Minnesota). Staining with 2W1S:
I-Ab was performed as described by Moon et al,25 that is,
at room temperature for 1 hour, followed by standard
mAb staining procedure on ice. Flow cytometry was per-
formed on a BD FACS Canto (Becton Dickinson, San
Jose, CA), and analyzed by FlowJo software version

8.8.6 (Treestar, Inc., Stanford, CA).
Statistics

All statistics were performed using the one-tailed or two-
tailed Mann-Whitney U-tests using Prism software version
5.0a (GraphPad, Inc., La Jolla, CA).

Results

The 2W1S:I-Ab Tetramer Specifically Recognizes
T Cells Bearing Cognate T-Cell Receptors within
the Cutaneous CD4 Population

The MHC class II tetramer 2W1S:I-Ab was developed to
identify CD4 T cells whose T-cell receptor recognizes the
2W1S peptide (AWGALANWAVDS) in the context of I-Ab.25

This population is very small yet polyclonal in unimmunized
C57Bl/6 mice, and expands prodigiously after i.v. immuni-
zation with lipopolysaccharide � 2W1S.25 We tested this
reagent for its ability to detect antigen-specific cells gener-
ated in our established murine model of topical ear skin
immunization.3 This type of topical inflammation mimics the
cytokine environment of human psoriasis, by inducing a
mixed Th1 and Th17 cutaneous response.4 Ear skin was
immunized three times with peptide plus adjuvant (cholera
toxin) at �15-day intervals, and harvested for analysis 3
days after the final immunization. Some mice were immu-
nized with cholera toxin plus a negative control peptide,
OVA323-339, to generate cells responsive to an irrelevant
antigen and not expected to bind the 2W1S:I-Ab tetramer.

Tetramer (TET)� CD4 T cells (ie, 2W1S:I-Ab tetramer-
binding) were rare within the CD44lo (naive) peripheral
blood population from 2W1S-immunized mice (Figure 1, A
and B). This is consistent with the previous finding that a
total of only approximately 200 TET� naive cells exist within
a typical C57Bl/6 mouse.25 TET� cells were approximately
25-fold more abundant in the circulating CD44hi (antigen-
experienced) population, but were most abundant in the
immunized skin, reaching approximately 1% of total ear-
infiltrating CD4 T cells (Figure 1, A and B). TET� CD4 T cells
were exceedingly rare in mice that were immunized with the
irrelevant OVA323-339 peptide in all populations tested (Fig-
ure 1B). [Note: naive (CD44lo) CD4 T cells, which are abun-
dant in the blood, were not found among cells isolated from
the ear skin, suggesting minimal blood contamination in
these cell preparations (data not shown).] These data show
that the 2W1S:I-Ab tetramer is sufficiently robust and spe-
cific to use as a flow cytometry reagent that reliably detects
2W1S-responsive endogenous cells in skin (Figure 1B).

The 2W1S:I-Ab Tetramer System Shows that
CCR4, but Not CCR6 or CCR10, Plays A Vital
Role in Antigen-Specific Accumulation of
Memory CD4 T Cells in Skin

Competitive BM chimeras were constructed as previ-
ously described.3,18,19 Briefly, lethally irradiated F1

(CD45.1�/CD45.2�) WT recipient mice were reconsti-
tuted with equal numbers of BM cells from a WT CD45.1�
donor and a CCR-deficient CD45.2� donor. CD45.2� BM
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was derived from WT (control), CCR4�/�, CCR6�/�,
CCR10�/�, or CCR10�/� donor mice. We began topical
immunization with 2W1S peptide � adjuvant (as de-
scribed earlier) 6 to 8 weeks after BM transfer, to allow
time for full reconstitution of the immune system. The ani-
mals were sacrificed 3 days after the third immunization.
Peripheral blood and skin were harvested and stained with
fluorescent mAbs to determine the CD45.1:CD45.2 ratio of
donor-derived cells within various CD4 T-cell populations
(rare cells expressing both CD45.1 and CD45.2 were ex-
cluded from the calculations because they represented ra-
dio-resistant host-derived cells).

We adjusted for potential differences in thymic matura-
tion and/or engraftment efficiency between donor strains by
normalizing the raw CD45.1:CD45.2 ratio for each popula-
tion to that of a reference population from each mouse
(providing the R value described by Baekkevold et al3). The
ratio within the naive CD4 T-cell population was considered
an appropriate reference for this normalization because
skin homing cells ultimately arise from naive (CD44lo) CD4 T
cells. As described by Baekkevold et al,3 the CD45.1:
CD45.2 ratio for the reference population varied only be-
tween 0.50 and 1.53 in comparison with the ideal reconsti-
tution value of 1.00. However, we believe the R value
constitutes a more useful number than the raw CD45.1:
CD45.2 ratio because it eliminates this random variability
from mouse to mouse. Figure 2 shows the R value for TET�

Figure 1. The 2W1S:I-Ab tetramer specifically recognizes T cells bearing
cognate T-cell receptor within the cutaneous CD4 population by flow cy-
tometry. A: Identification of 2W1S:I-Ab–positive CD4 T cells in CD44lo (naive)
peripheral blood lymphocytes (PBL), CD44hi PBL (antigen-experienced), and
skin resident populations from mice immunized topically with 2W1S peptide.
Blood and cutaneous lymphocytes shown from a representative experiment.
B: Quantification of 2W1S:I-Ab–expressing populations in the same CD4
T-cell populations represented in A, plus in total CD4 T cells from skin-
draining (cervical) lymph node (LN) of mice immunized topically with 2W1S
or OVA323-339 peptide as indicated. One-tailed Mann-Whitney test P values
shown. 2W1S immunization data from 16 independent experimental groups,
and OVA323-339–immunized skin data from 3 independent experimental
groups (three to five mice per group).
and TET� CD4 T-cell populations from 2W1S-immunized
ear skin. Any ratio �1 indicates the extent to which WT CD4
T cells were more efficient than their CCR-deficient coun-
terparts at accumulating within the inflamed skin.

CCR4 deficiency caused notable effects: CCR4�/�

cells were approximately 20-fold less abundant than WT
cells within the TET� population from inflamed ear skin,
and approximately threefold less abundant within the
TET� population. Neither CCR6�/� nor CCR10�/� donor
cells displayed any significant competitive disadvantage
within the TET� or TET� populations (Figure 2).

CCR10 Is Highly Expressed by Skin-Homing
CD4 T Cells despite the Absence of Sunlight

Sunlight exposure and the resulting 1,25-dihydroxy-vita-
min-D3 production in skin are reported to enhance
CCR10 expression by human CD4 T cells.22,23 Because
of the relatively dark conditions of a typical research
vivarium, we considered the possibility that WT CD4 T
cells might not be induced to express CCR10 in our
system. To resolve this potentially confounding issue, we
used the EGFP reporter capability of the CCR10–knock-
in-construct27 to assess transcriptional activity at the
CCR10 locus. By design, CCR10–EGFP hemizygotes
(CCR10�/�) express both the EGFP reporter and CCR10
protein. We confirmed this by observing that CD4�/
EGFP�/E-lig� cells from CCR10�/� but not CCR10�/�

lymph nodes could migrate to CCL27 in standard in vitro
Transwell (Corning, Inc., Corning, NY) chemotaxis as-
says (J.J.C., unpublished data).

We found that approximately 50% of the CCR10�/� CD4
T cells within inflamed ear skin transcribed the CCR10 locus
(Figure 3), implying the presence of a functional receptor.
The naive CCR10�/� CD4 T-cell population contained very
few EGFP-expressing cells (Figure 3A). Exposure to antigen
or to the inflamed cutaneous environment itself is likely to

Figure 2. The 2W1S:I-Ab tetramer system shows that CCR4 (but not CCR6 or
CCR10) plays a vital role in antigen-specific CD4 T-cell accumulation in skin.
Comparison of skin-homing efficiency between donor populations in com-
petitive BM chimeras. Normalized CD45.1:CD45.2 ratios (R) are shown for
TET� (left panel) or TET� (right panel) CD4 T cells isolated from 2W1S-
immunized ear skin. (Note: R values �1 indicate disadvantage in homing for
cells from receptor-deficient donors.) The CCR4�/� populations display a
dramatic disadvantage when competing with WT cells in these experiments.
The approximately 20-fold disadvantage in the TET� population indicates
that 95% of all ear skin CD4 T cells were derived from the WT donor. This is
in contrast to the donor population, which started with a 1:1 ratio, or the
CD44lo naive CD4 T population that had an R value of 1 (by definition). None
of the other knockout populations showed an appreciable homing disad-
vantage. One-tailed Mann-Whitney P values shown. (Note: P values are
identical in the Mann-Whitney U-test in both panels because there was no
overlap between WT and CCR4�/� in either population, and the N values
were the same.) Each data point represents pooled cells from three to five

�/�
mice. N for each type of chimera: WT/WT � 3, WT/CCR4 � 5, WT/
CCR10�/� � 2, WT/CCR10�/� � 5, WT/CCR6�/� � 2.
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have induced CCR10 transcription because skin homing
cells ultimately derive from naive cells that lack CCR10.
EGFP expression did not vary appreciably between
CCR10�/� and CCR10�/� CD4 T-cell populations. The WT
CD4 T-cell population in skin lacked EGFP expression be-
cause these cells do not bear the EGFP construct (Figure
3). These data strongly suggest that CCR10 is expressed at
high levels by cutaneous CD4 T cells in mice in our model,
despite the finding that this receptor apparently plays no
role in homing to skin.

CCR6 and CCR10 Do Not Provide a
Competitive Advantage for Epidermal
versus Dermal Accumulation

CCL27 is one of the two known ligands for CCR10,
and is expressed exclusively by epidermal keratino-
cytes.20,21,28 It is therefore possible that a CCL27 protein
gradient might emanate from the epidermis and attract
CCR10� T cells from the dermis. We tested this notion by
harvesting inflamed ear skin from OT-II adoptive-transfer
experiments, and separating it into its constituent layers.
This was achieved by gentle digestion of the skin with
Dispase II, which preferentially digests the basement
membrane between epidermis and dermis.29 We then
isolated T cells separately from dermis and epidermis.

We chose the OT-II adoptive transfer model for these
experiments because the 2W1S:I-Ab approach could not
provide sufficient numbers of TET� cells from the sepa-
rated layers to analyze reliably. We bred the CCR10–
EGFP and CCR6 knockout constructs onto the OT-II
background as previously accomplished for CCR4.4 We
injected splenocytes from young OT-II donors i.v. into
CD45-disparate recipients, and immunized ear skin top-
ically with OVA323-339 � cholera toxin as described.4

Lymphocytes were isolated from inflamed ear skin 6 days
after topical immunization.

OT-II cells isolated separately from dermis (Figure 4,

Figure 3. CCR10 is highly expressed by skin-homing CD4 T cells, despite the a
dependent EGFP transcription in the BM chimeras. A: Representative examples
LN CD4 T cells (lower dot plots). B: Quantification of CCR10-promoter–depend
T cells were EGFP�, compared with 56.12% of CCR10�/� CD4 T cells. N for e
middle panel) or epidermis (Figure 4, right panel) showed
no appreciable differences among WT, CCR6�/�, and
CCR10�/� OT-II cells in either of the two skin layers. If
CCR6 or CCR10 had been involved in dermal-to-epider-
mal migration, one would have expected a decrease in
OT-II proportion within epidermis and/or an increase in
dermis because cells unable to access the epidermis
might have become trapped in the dermis.

CCR4�/� OT-II cell accumulation was reduced signifi-
cantly in both layers, and the amount of reduction was
similar in both dermis and epidermis. This suggests that,
similar to CCR6 and CCR10, CCR4 is not involved in the
mechanism by which T cells migrate from dermis to epider-
mis. As noted previously, however, CCR4 is important for
the mechanism by which CD4 T cells migrate into the der-
mis from blood. Similar results were obtained when these
experiments were performed on the skin of the torso rather
than the ear (see Supplemental Figure S1 at http://ajp.
amjpathol.org).

The left panel of Figure 4 shows the proportion of
donor-derived OT-II cells occurring within the circulating
CD4 population in peripheral blood. When compared
with the middle and right panels, this control shows that
OT-II cells are greatly enriched in dermis and epidermis
with respect to blood, and establishes that OT-II cells
isolated from the skin layers are truly tissue-resident
rather than contaminating cells from vessels within skin.
In parallel to the CCR10 expression observed via EGFP
brightness, CCR10 also was highly expressed by skin-
infiltrating OT-II cells. EGFP was expressed by approxi-
mately 20% of CCR10�/�–EGFP OT-II cells from inflamed
ear skin in the earlier-described assays (data not shown).

Discussion

Direct Comparison of Skin-Associated
Chemokine Receptors

The availability of 2W1S:I-Ab tetramer25 has allowed us for

of sunlight. Flow cytometric identification and comparison of CCR10-promoter–
expression (under the CCR10 promoter) in the skin (upper dot plots) or naive

P fluorescence in skin resident CD4 T cells. A total of 52.25% of CCR10�/� CD4
type: WT � 6; CCR10�/� � 2; CCR10�/� � 4.
bsence
of EGFP
the first time to ascertain the CCR requirements for antigen-
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dependent accumulation of antigen-specific endogenous
long-term memory CD4 T cells within inflamed skin. We
have also for the first time directly compared CD4 T cells
from WT, CCR4�/�, CCR6�/�, and CCR10�/� mice side-
by-side under identical conditions in vivo. This exercise
has allowed us to resolve several inconsistencies in the
literature regarding the contribution of each receptor to skin-
specific T-cell homing. We found that CCR6 or CCR10
deficiency caused no appreciable defect as determined by
these highly sensitive in vivo competitive assays. Because
previous studies did not assess all three receptors in par-
allel within a consistent model, we raise the possibility that
neither CCR6 nor CCR10 play a role at any point in the
generation of a skin-homing T-cell population, or in the
processes by which CD4 T cells enter or exit the skin during
inflammation. There is of course a finite possibility that these
receptors would show different roles in skin inflammation
models other than the two used here. However, this first
parallel comparison of all three receptors in a consistent
assay has yielded robust conclusions.

In contrast to CCR6 and CCR10, we show that CCR4
deficiency renders endogenous antigen-specific memory
CD4 T cells approximately 20-fold less efficient at accu-
mulating within inflamed skin than WT cells. If one were to
consider this finding in isolation, one could not determine
the specific step at which CCR4 function is required
during the cutaneous immune response. The observed
competitive advantage theoretically could occur during
the following: i) expansion of antigen-specific clones; ii)
imprinting of antigen-specific cells for E-lig expression;
iii) homing of CD4 T cells to skin from peripheral blood; or
iv) retention of antigen-specific CD4 cells within the in-
flamed cutaneous site.

However, previous work with OT-II donor cells in vivo
showed that CCR4�/� naive cells are unimpaired in their

Figure 4. CCR6 and CCR10 do not provide a competitive advantage for epi
OT-II CD4 T cells in the peripheral blood after OVA323-339 ear immunization
that were OT-II donor derived between CCR4�/� OT-II (2.1%), CCR6�/� OT
WT OT-II (2.1%) adoptive transfer. N for each OT-II cell type: WT � 18, CC
(N) is an experiment with three to five mice per group. Middle panel: loca
separation. In the dermis, 9.4% of CD4 T cells were OT-II donor derived a
adoptive transfer, a highly significant difference (*P � 0.01). There was no
WT in the CCR6�/� OT-II (8.8%), CCR10�/� OT-II (9.6%), or CCR10�/� OT-
N � 8 for CCR6�/� OT-II, N � 6 for CCR10�/� OT-II, and N � 7 for CCR10
mice. Right panel: localization of OT-II cells within the epidermis after Disp
were OT-II donor derived when WT OT-II cells were adoptively transferred,
significant difference (**P � 0.01). There was no significant change in the p
(12.5%), CCR10�/� OT-II (14.4%), or CCR10�/� OT-II (13.5%) data sets. N
CCR10�/� OT-II, and N � 7 for CCR10�/� OT-II, where each data point (N
ability to differentiate into circulating E-lig� cells.4 Further-
more, the CCR4 ligand CCL17/TARC is present on the
lumen of cutaneous post capillary venules,9,30 and signal-
ing through CCR4 can trigger adhesion under shear.9 Con-
sidered cumulatively, these new findings suggest that the
CCR4-mediated competitive advantage is manifested at
the moment when circulating CD4 T cells enter skin from the
blood. Although CCR4� lymphocytes occur in organs other
than skin,14 the combination of E-lig and CCR4 together on
a given cell appears to constitute the unique postal code for
homing to skin.1

Antigen-Specific T Cells versus Other
Skin-Resident CD4 T Cells

Although both TET� and TET� CD4 cells were strongly
disadvantaged by CCR4 deficiency, it is interesting to
note that the effect was much more prominent within the
TET� population. This difference may reflect the likeli-
hood that TET� cells comprise a purely memory re-
sponse. In contrast, the TET� population is likely a more
diverse population containing bystander cells and long-
term skin-resident cells. As such, the TET� cells most
likely have gone through at least three rounds of skin
entry (one for each immunization), and may have re-
ceived survival or antigen-specific retention signals
within the skin to which other cells were not subjected.
Despite the difference in magnitude, the effect of CCR4
deficiency on the TET� population nonetheless remained
highly significant.

Migration from Dermis to Epidermis

To our own surprise, we did not find a role for any of these
three receptors in T-cell migration from dermis to epidermis

versus dermal accumulation. Left panel: presence of adoptively transferred
as no significant difference in the percentage of blood resident CD4 T cells
), CCR10�/� (1.7%), or CCR10�/� (1.4%) adoptive transfer compared with
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nt change in the percentage of CD4 T cells that were OT-II compared with
) adoptive transfer data sets. N � 16 for WT OT-II, N � 4 for CCR4�/� OT-II,
-II, where each data point (N) is an experiment with a pool of three to five
ediated dermis-epidermis separation. In the epidermis, 15.5% of CD4 T cells
d with 5.5% when CCR4�/� OT-II cells were adoptively transferred, a highly
e of CD4 T cells that were OT-II compared with WT in the CCR6�/� OT-II
WT OT-II, N � 4 for CCR4�/� OT-II, N � 8 for CCR6�/� OT-II, N � 6 for
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mation. Ample circumstantial evidence, including the exclu-
sive expression of CCL27 by epidermal keratinocytes,
pointed to a role for CCR10 in this process. Nonetheless,
our competitive assays do not support this notion.

Dermal-to-epidermal migration is clearly a directed
process, as evinced by the requirement for integrin
�1�1.12 Our data now bring into question the notion that
a chemokine receptor (or any other chemoattractant re-
ceptor) is required for dermal-to-epidermal migration.
Pharmacological blocking of dermal-to-epidermal migra-
tion has been considered a promising target for clinical
intervention in psoriasis.12 Our data suggest that CCR4,
CCR6, and CCR10 are unlikely to provide useful targets for
this particular approach, at least individually. Thus, extrav-
asation from the blood is currently the only component of
cutaneous trafficking associated with a consistent and
clearly shown chemokine receptor function (ie, CCR4).

Expression of CCR6 and CCR10 by
Skin-Homing Lymphocytes

As discussed earlier, CCR6 is expressed by many skin-
infiltrating cells but also is abundant in several other
tissues.11,13–15 If we had found a role for CCR6 in cuta-
neous localization, it likely would have been a generic
role applicable to many organs. At present, it remains
unclear what role this receptor might play in skin.

The expression pattern of CCR10 is very different from
that of CCR6. CCR10 appears restricted to a subset of
skin-homing/E-lig�/CCR4� CD4 T cells.24 However, CCR10
is not expressed by the majority of skin-homing T cells,
including many found within the skin itself (Figure 3 and
Soler et al24). This restriction of CCR10 to a subset of the
skin-homing CD4 population implies an important func-
tion. Nonetheless, we were not able to show a role for
CCR10 in skin-specific homing. CCR10 likely plays an
as-yet unknown role in cutaneous T-cell immunology,
probably unrelated to skin-specific T-cell trafficking.

Sunlight, Vitamin D, and CCR10

The mouse is a nocturnal burrowing animal covered with
fur, similar to the proposed common ancestor of rodents
and human beings. Very little sunlight is likely to ever reach
the skin of such animals. Nocturnal mammals obtain their
vitamin D as a nutrient or through alternative metabolic
pathways independent of sunlight.31 Unlike human beings,
one would not expect the highest concentrations of vitamin
D in these animals to occur in the skin.

Nonetheless, evolution has maintained the keratino-
cyte/CCL27 association in skin and E-lig�/CCR10 asso-
ciation in cutaneous T cells.10,24 It is therefore likely that
a more ancient, sunlight-independent regulatory mecha-
nism controls CCR10 expression in many mammals. The
recently discovered vitamin D–controlled mechanism of
CCR10 induction in human beings may supplement this
original mechanism.

We further speculate that CCR10 is induced at some
point after naive CD4 T cells are first imprinted to differ-

entiate into skin-homing cells: the two homing receptors
most clearly shown to function in normal cutaneous T-cell
trafficking (ie, E-lig and CCR4) are not up-regulated by
1,25-dihydroxy-vitamin-D3.23 In fact, one study sug-
gested that this nutrient actually down-regulates E-lig
expression.32 Because both E-lig and CCR4 are thought
be induced by antigen within skin-draining lymph nodes,
CCR10 actually might be induced after nascent E-lig�/
CCR4� skin-homing T cells enter inflamed skin.

Roles for Chemokine Receptors Unrelated to
Lymphocyte Trafficking

Although chemokines are best known for their roles in
leukocyte trafficking and migration, the notion that they
may have other immunological functions is not unprece-
dented.33 In fact, two recent reports have described a
population of CD4 T cells in human blood that uniquely
produce IL-22, but not IL-17, and simultaneously express
CCR4, CCR6, and CCR10.34,35 These cells were tenta-
tively dubbed “Th22” T cells. It was further reported that
T-cell culture with 1,25-dihydroxy-vitamin-D3 facilitates
development of this newly identified Th22 subset, along
with CCR10 expression.34 Thus, although CCR6 and
CCR10 do not appear to influence cutaneous trafficking,
one might imagine a role for such receptors in shaping
the class of immune response generated within the skin,
be it Th1, Th2, Th17, Th22, regulatory T cells, or others not
yet discovered. As such, pharmacological inhibitors of
CCR6 and CCR10 may be more likely to affect the polar-
ization of skin-homing molecules rather than their traffick-
ing per se.
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