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In contrast to naive lymphocytes, memory/effector lymphocytes
can access nonlymphoid effector sites and display restricted, often
tissue-selective, migration behavior. The cutaneous lymphocyte-
associated antigen (CLA) defines a subset of circulating memory T
cells that selectively localize in cutaneous sites mediated in part by
the interaction of CLA with its vascular ligand E-selectin. Here, we
report the identification and characterization of a CC chemokine,
cutaneous T cell-attracting chemokine (CTACK). Both human and
mouse CTACK are detected only in skin by Southern and Northern
blot analyses. Specifically, CTACK message is found in the mouse
epidermis and in human keratinocytes, and anti-CTACK mAbs
predominantly stain the epithelium. Finally, CTACK selectively
attracts CLA* memory T cells. Taken together, these results suggest
an important role for CTACK in recruitment of CLA* T cells to
cutaneous sites. CTACK is predominantly expressed in the skin and
selectively attracts a tissue-specific subpopulation of memory lym-
phocytes.

he exquisite tissue-selective homing of lymphocytes has long

been appreciated as central for the control of systemic
immune responses. Naive lymphocytes display a relatively ho-
mogeneous migration behavior, recirculating through secondary
lymphoid tissues, including lymph nodes, Peyer’s patches, tonsils,
and spleen, to encounter their cognate antigen. Following
antigen encounter and recognition in an appropriate microen-
vironment, lymphocytes differentiate into effector/memory
cells and acquire the ability to access extralymphoid immune
effector sites where they are most likely to reencounter their
specific antigen (1). Thus, distinct subsets of memory/effector
cells exist with tissue-selective patterns of migration (2, 3). A
classic example of such tissue-specific homing involves the
preferential migration of cutaneous lymphocyte-associated an-
tigen (CLA)" memory T cells to the skin. The first evidence that
a skin-homing subset exists came with the observation that a
majority (80-90%) of the T lymphocytes in inflammatory skin
lesions express the CLA. In contrast, CLA* T cells constitute
only 10-15% of the pool of circulating T cells and never exceed
5% of lymphocytes within noncutaneous inflamed sites (4).
Further implicating the CLA " subset in cutaneous inflammation
are studies showing that specific responses to common skin-
associated allergens, including nickel and house dust mite, were
restricted to CLA™ T cells (5).

CLA is not simply a marker for this subset of cells but is a
ligand for the vascular adhesion molecule E-selectin (6), which
is superinduced on vascular endothelium during cutaneous
inflammation (7) and is critical for recruiting T cells to sites of
cutaneous inflammation (8). It has been suggested that these
molecules mediate the selective targeting of memory T cells
reactive with skin-associated antigens to cutaneous inflamma-
tory sites. However, it has become increasingly clear that re-
cruitment of leukocytes into tissues involves the sequential
engagement of multiple adhesion and signaling receptors (1, 9).
Under physiologic flow conditions, leukocytes initially interact
with and roll on endothelial cells through constitutively func-
tional (i.e., activation-independent) leukocyte-homing receptors
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and their ligands; E-selectin is the likely candidate to support
recognition and transient adhesion or rolling of CLA* T cells.
This initial adhesion, however, is unstable and must be followed
by functional activation of leukocyte integrins, by locally pro-
duced activation factors, in order for cells to firmly attach and
arrest by means of their vascular ligands. Even this shear-
resistant arrest is reversible unless appropriate additional signals
and chemotactic factors are present that can drive diapedesis and
subsequent localization within the tissues. This multistep process
provides a combinatorial mechanism for precise regulation of
leukocyte recruitment based on expression of a unique set of
adhesion, activation, and chemotactic receptors on the migrating
leukocyte subset coupled with selective expression of adhesion,
activation, and chemotactic molecules by the tissue (1).

Chemokines are a superfamily of small secreted proteins that
attract their targets by interacting with G protein-coupled re-
ceptors expressed on the migrating cell (10, 11). The observation
that chemokines can trigger activation-dependent adhesion and
chemoattract leukocytes led to the hypothesis that this family of
molecules provides the key signals that trigger firm arrest and
provide chemotactic gradients that direct diapedesis and local-
ization of cells to specific tissue microenvironments. Implicit in
the model of differential trafficking is the possibility that there
exist tissue-specific chemokines that selectively attract function-
ally unique subsets of lymphocytes.

This study describes the identification of a CC chemokine,
cutaneous T cell-attracting chemokine (CTACK), that is ex-
pressed in skin and selectively chemoattracts CLA* memory T
cells. CTACK has the characteristics of a molecule that could
regulate the specific migration behavior of these skin-homing
lymphocytes.

Methods

Sequence Analysis. TBLASTN scarches of the Human Genome
Systems (HGS) and GenBank dbEST databases, with the se-
quences of known CC chemokines, identified the expressed
sequence tags (ESTs) for human and mouse CTACK, respec-
tively. Mouse CTACK cDNA, IMAGE consortium clone no.
316475, was obtained from Genome Systems (St. Louis) as an
EcoRI-Notl insert in the pT7T3-PacD vector. Human CTACK
was obtained from HGS as a Sa/I-NotI insert in the pSPORT 3.0
vector. The nucleotide sequence of both clones was confirmed by
automated sequencing. The signal peptide cleavage sites were
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predicted by using the SignalP server (http://www.cbs.dtu.dk/
signalp/cbssignalp.html). Sequences were aligned by using
CLUSTAL W.

Mapping. CTACK was placed on mouse chromosome 4 by
interspecific backcross analysis essentially as described (12),
except that in this case an ~400-bp EcoRI/Notl fragment of
mouse CTACK cDNA was used for Southern blotting. Frag-
ments of 14.5 and 8.9 kb were detected in Bgll-digested
C57BL/6J DNA, and fragments of 8.9 and 4.4 kb were detected
in Bgll-digested Mus spretus DNA. The presence or absence of
the 4.4-kb BglI-specific fragment was followed in backcross mice.
Recombination distances were calculated with MAP MANAGER,
version 2.6.5.

Expression Studies. For Southern blotting, 5 ug of each cDNA
library were digested with the appropriate restriction enzymes to
release the insert, subjected to gel electrophoresis, and trans-
ferred to Hybond-N* membrane. For Northern blotting, all
RNAs were isolated by using RNAzol B (Tel-Test, Friendswood,
TX) and analyzed by electrophoresis on a 1% formaldehyde/
agarose gel and transferred to Hybond-N* membrane. Northern
and Southern blots were hybridized for 16 h at 65°C with
32P-labeled probes obtained by randomly priming (Prime-It;
Stratagene) the full-length inserts from mouse or human
CTACK clones. After hybridization, blots were washed at high
stringency and exposed to film.

Reverse Transcription-PCR (RT-PCR). RNAs were treated with
DNase I and reverse transcribed, and the resulting cDNAs were
used as templates for RT-PCR as described (13, 14). Primer pairs
used for PCR were as follows: human CTACK (244 bp) sense
primer 5-CTGTACTCAGCTCTACKCGAAAGCC-3" (posi-
tion 99-122); antisense primer 5'-GCCCATTTTCCTTAG-
CATCCC-3' (position 336-316); human B-actin sense primer
5'-ATCTGGCACCACACCTTCTACKAATGAGCTGCG-3';
and antisense primer 5'-CGTCATACTCCTGCTTGCTGATC-
CACATCTGC-3'.

Cell and Tissue Samples and Immunohistology. Adult human pri-
mary cells, including keratinocytes, melanocytes, and dermal
fibroblasts, were obtained from Clonetics (San Diego) and
cultured according to the supplier’s instructions. The epidermal
v6 T cell line 7-17 was kindly provided by Richard Boismenu
(The Scripps Institute, La Jolla, CA). For cytokine treatment,
cells were cultured with 10 ng/ml human tumor necrosis factor-a
(TNF-«) plus 3 ng/ml hIL-18 (R & D Systems) in culture
medium for the indicated times. Epidermal cell samples were
released from the ear skin of BALB/c mice by treating them with
0.5% trypsin in PBS for 30 min at 37°C. Human peripheral blood
mononuclear cells (PBMCs) and neutrophils were obtained
from healthy donors by erythrocyte sedimentation followed by
Ficoll/Histopaque-1077 (Sigma) sedimentation. Freshly drawn
blood was used to isolate neutrophils. Human T cells were
purified from PBMCs by using T cell- or memory T cell-
enrichment columns (R & D Systems), according to the manu-
facturer’s instructions. A panel of mAbs was produced against
mouse CTACK and screened for specificity by ELISA against a
panel of chemokines (R & D Systems). These mAbs, along with
negative control rat mAbs (PharMingen), were used to stain
frozen mouse ear sections with VECTASTAIN ABC Kit (Vec-
tor Laboratories), using a goat anti-rat horseradish peroxidase-
conjugated secondary Ab and diaminobenzidine as the sub-
strate.

Chemotaxis. Recombinant mouse CTACK was produced in Esch-

erichia coli and purified by R & D Systems, as previously
described for other chemokines (15). For T cell chemotaxis
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assays, column-purified human T cells (90% pure) or CD4*
memory T cells (92% pure) in DMEM (pH 6.9)/1% BSA were
added to the top chamber of 3-um pore polycarbonate Transwell
culture insert (Costar) and incubated with the indicated con-
centrations of purified chemokine in the bottom chamber for 3
hr. For B cell and monocyte assays, PBMCs were added to the
top chamber and incubated for 3 hr (B cells) or 1 hr (monocytes).
For neutrophil assays, purified neutrophils were added to a
chamber with a 1-um pore polyethylene terephthalate mem-
brane and incubated for 90 min. The number of migrating cells
of each subtype was determined by multiparameter flow cytom-
etry with fluorochrome-conjugated Abs (all from PharMingen)
against CLA (HECA-452), CD4, CD8, CD45R A, and CD45RO
for T cells, CD19 for B cells, CD14 for monocytes, and CD66b
for neutrophils. A known number of 15-um microsphere beads
(Bangs Laboratories, Fishers, IN) was added to each sample
before analysis to determine the absolute number of migrating
cells.

Results

Identification of CTACK. Searching the HGS database, we identi-
fied an EST encoding a human CC chemokine. This EST
contains an ORF encoding a putative protein of 112 amino acids
with a predicted 24-amino acid signal peptide at the N terminus
(Fig. 1a). A mouse clone was identified in the public database of
ESTs encoding a protein with 78% amino acid similarity to the
human clone (Fig. 1a). The putative mature proteins are 84%
similar. We designated this chemokine cutaneous T cell-
attracting chemokine (CTACK). The CC chemokines with the
greatest similarity to CTACK are thymus-expressed chemokine
(TECK), 6Ckine, and macrophage inflammatory protein
(MIP)-3B (Fig. 10). The human and mouse CTACK clones map
to syntenic chromosomal regions, human segment 9p13 and the
proximal region of mouse chromosome 4, respectively (Fig. 1c).
6Ckine and MIP-38 also map to these chromosomal regions. A
search of GenBank with the sequence of human CTACK
revealed that the gene for human CTACK overlaps with the
extreme 3’ end [after the poly(A) signal] of the IL-11 receptor
a-chain gene, but on the opposite strand.

The Expression of CTACK Is Highly Tissue-Specific. The vast majority
of the CTACK ESTs were found in libraries derived from skin.
Although a few CTACK ESTs were found in non-skin-associated
tissues, such as liver, our expression studies suggest that CTACK
is predominantly expressed in skin. More than 70 human cDNA
libraries were probed by Southern blotting, including 46 libraries
from hematopoetic and nonhematopoetic cells (including acti-
vated and resting cells) and 25 libraries from normal tissue and
diseased tissue. CTACK hybridized exclusively with libraries
derived from normal or psoriatic skin (Fig. 2a). Additionally,
CTACK did not hybridize with a CLONTECH multiple tissue
Northern blot containing RNA from 12 human tissues (including
heart, brain, skeletal muscle, colon, thymus, spleen, kidney, liver,
small intestine, placenta, lung, and peripheral blood leukocytes;
data not shown). Southern blotting with mouse CTACK revealed
no significant hybridization with over 45 mouse libraries derived
from a wide variety of cells and tissues (including libraries
derived from all the organs listed above for the CLONTECH
blot; data not shown); however, this panel did not include a
skin-derived library. To determine whether mouse CTACK is
also expressed in skin, we performed Northern blot analysis with
RNA generated from the epidermis of mouse ear skin or from
several other organs. An RNA species of 0.8 kb is readily
detected in the epidermis and not in the other organs tested
(Fig. 2b).

To look more precisely at the distribution of CTACK in skin,
we performed immunohistochemistry using a panel of mAbs
generated against mouse CTACK. While the staining intensity
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Fig. 1. (a) Amino acid sequence alignment of mouse (m) and human (h) CTACK. (b) Amino acid sequences of CTACK aligned with other CC chemokines, hTECK,
hMIP-3B, h6Ckine, and human regulated on activation normal T expressed and secreted (hnRANTES). Dark-shaded boxes indicate identical amino acids. Conserved
amino acids are shaded light gray. Arrow denotes the predicted signal peptide cleavage site. Asterisks are above conserved cysteines. (c) Mouse CTACK maps
in the proximal region of mouse chromosome 4. CTACK was placed on mouse chromosome 4 by interspecific backcross analysis. The segregation patterns of
CTACK and flanking genes in 98 backcross animals that were typed for all loci are shown at the top of the figure. Each column represents the chromosome
identified in the backcross progeny that was inherited from the (C57BL/6J X M. spretus) F1 parent. The shaded boxes represent the presence of a C57BL/6J allele,
and white boxes represent the presence of an M. spretus allele. The number of offspring inheriting each type of chromosome is listed at the bottom of each
column. A partial chromosome 4 linkage map showing the location of CTACK in relation to linked genes is shown at the bottom of the figure with recombination
distances between loci in centimorgans shown to the left and the positions of loci in human chromosomes shown to the right.

was variable between the mAbs, all gave a similar staining
pattern and showed predominant staining in the outermost cell

layers of the skin corresponding to the epidermis and rare
positive cells in the dermis (Fig. 3). To determine the cellular
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Fig.2. Expression of CTACK in skin. (a) Southern blot analysis of CTACK expression in cDNA libraries generated from human samples including: PBMC and PBMC-act,
resting or activated (act), with anti-CD3 and phorbol 12-myristate 13-acetate (PMA); T cells (MOT72 and MOT72-act) resting or activated with anti-CD28 and anti-CD3;
total splenocytes resting or activated with anti-CD40 and IL-4; pooled B cell lines, pooled natural killer (NK) cell clones, and U937 (premonocytic cell line), all resting or
activated with PMA and ionomycin; elutriated monocytes activated with lipopolysaccharide (LPS), IFN-v, and anti-IL-10; monocyte-derived dendritic cells (mono-derived
DCs) resting or activated with either LPS or TNF-a plus IL-1a; CD34" stem cell-derived dendritic cells (CD34*-DCs) resting or activated with PMA and ionomycin; MRC5
cells (lung fibroblast sarcoma); CHA cells (kidney epithelial carcinoma); A549 cells (lung epithelial) treated with IL-18, adult organs and tissues, diseased and normal as
indicated above each lane. (b) Northern blot analysis of CTACK expression in mouse tissues and organs, including liver, spleen, thymus, peripheral lymph nodes (PLN),
epidermis of ear skin, and ear draining lymph nodes (Auricular LN). Ethidium bromide-stained 28S rRNA is shown as a loading control.
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Fig. 3. Expression of CTACK. (a) Frozen sections of mouse skin (ears) were
immunostained with a panel of anti-CTACK mAbs. A representative mAb
(isotype 1gG2b) is shown and revealed predominant staining in the epidermis
and scattered positive cells in the dermis. (b) A control rat mAb (IgG2b) is
shown for comparison. (c) RT-PCR analysis of CTACK expression in primary
keratinocytes, primary melanocytes, 7-17 cells (epidermal y8 T cell line), and
primary dermal fibroblasts either untreated or treated with TNF-a and IL-13
for the indicated times.

origin of human CTACK, we looked for CTACK mRNA in
cultured human skin-derived cells that were either left untreated
or treated with TNF-a plus IL-18 for 6 h or 18 h. These
proinflammatory cytokines are important primary regulators of
immune responses in the skin and can induce the expression of
other inflammatory mediators, including chemokines (16-18).
CTACK message is detected by RT-PCR in untreated human
keratinocytes, the predominant cell type in the epidermis (Fig.
3c) and is up-regulated after 8 hr of cytokine treatment. Com-
petitive, semiquantitative RT-PCR analysis confirmed this ob-
servation and demonstrated an 8- to 30-fold induction in
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CTACK message (data not shown). In contrast, other skin-
derived cell types, such as melanocytes, epidermal y8 T cells, and
dermal fibroblasts, do not express CTACK under any of the
conditions tested (Fig. 3c). Additionally, CTACK is not detected
in libraries derived from resting or activated dendritic cells (Fig.
2a). Together, these results indicate that both human and mouse
CTACK are predominantly expressed in skin by cells of the
epidermis, as they were not detected in any of the other tissues
or cells examined. This is in contrast to other chemokines, such
as IP-10 and IL-8, that are expressed in skin (16, 18) but are also
broadly expressed outside this tissue (19).

CTACK Selectively Chemoattracts Skin-Homing T Cells. The abundant
expression of CTACK in the skin makes it a potential candidate
for selective recruitment of CLA* skin-homing memory T cells.
We therefore investigated the ability of CTACK to chemoattract
leukocyte subsets from peripheral blood from healthy donors.
CTACK failed to attract CD4" or CD8* naive (CD45RA™) T
cells, B cells, monocytes, or neutrophils (Fig. 4c). CTACK
attracts CLA* but not CLA"CD4" and CD8" memory
(CD45RO™) T cells (Fig. 4 a and b). A range of 2-24% of the
input CD4*CLA* memory T cell population migrated at this
concentration (observed over seven independent experiments),
perhaps suggesting that CTACK attracts a subset within the
CLA™ cell population whose size may vary from donor to donor.
These results are in striking contrast with those using the known
T cell chemoattractant 6Ckine (20-22), which lacks specificity
for CLA™" cells, as it preferentially attracts CLA~CD45RO*
memory T cells; and stromal cell-derived factor (SDF)-1a (23),
which attracts CLA~ and CLA* CD45RO™* memory T cells
equally well (Fig. 4 a and b). CLA™ cells migrate only in the
presence of a gradient of CTACK, indicating that the response
is chemotactic and not chemokinetic (Fig. 4 a and b). (Lack of
an anti-mouse CLA Ab precludes similar analysis in the mouse.)
Thus, CTACK attracts only CLA* memory T cells out of all the
leukocytes tested, demonstrating remarkable target cell speci-
ficity.

Discussion

The CLA* memory T cell subset constitutes a skin-associated
population of memory cells that preferentially extravasate at
normal (24) and chronically inflamed cutaneous sites (4) and has
been shown to be involved in local immunity and inflammatory
cutaneous reactions (5). The localization specificity of CLA*
lymphocytes may be determined by regulating one or more steps
along the recruitment pathway, including adhesion to the endo-
thelium, transendothelial migration, chemotaxis within the skin
to sites of immune or inflammatory activity, and interaction with
tissue components including cells or matrix, which would serve
to retain CLA™ lymphocytes in the skin. It has been proposed
that CLA targets memory T cells to cutaneous sites by interac-
tion with its vascular ligand E-selectin (6, 25); however, CLA/
E-selectin binding cannot fully explain the skin-specific homing
of CLA* memory T cells for several reasons. First, neutrophils
express CLA (26), yet they do not preferentially migrate to skin,
and, second, E-selectin is induced on inflamed endothelium in
both cutaneous and noncutaneous sites (27).

Here, we report the identification of a chemokine, CTACK,
that may provide a skin-specific cue involved in localization of
CLA" memory T cells to the epidermis. This inference is
supported by several observations. We show that CTACK is
readily detected in the skin of both humans and mice and that
expression was not detected in any other tissue examined. On
closer examination of the cell types that make up the skin, we
observed that CTACK is expressed in the epidermis by kera-
tinocytes; an Ab to CTACK stains predominantly the epidermis
of the skin, and RT-PCR detects CTACK in keratinocytes, but
not melanocytes, dermal fibroblasts, or epidermal yé T cells.
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Fig.4. CTACK preferentially attracts CLA*™ memory T cells. (a) Migration (% of each phenotype added to the upper chamber) of CD4* memory T cell populations
in response to CTACK. (b) Migration of CD8* memory T cell populations in response to CTACK. Chemotaxis to the optimal concentration of SDF-1a (5 X 1078 M)
is shown for comparison. Chemokinesis was measured by using the optimal chemotactic concentration of CTACK on both sides of the filter. Data from a
representative experiment are shown. The composite mean and SD of the migration indices of seven independent experiments at the maximally effective
concentration of CTACK for CD4* memory cells: CLAT = 10.14 = 1.13 vs. CLA~ = 1.02 = 0.19 (P < 2 X 1075), and for CD8" cells: CLA* = 4.26 + 1.93 vs. CLA~ =
1.07 = 0.09 (P < 0.005). (c) CTACK does not attract CD4* or CD8™ naive T cells, B cells, monocytes, or neutrophils. As positive controls, the following chemokines
were used: 6Ckine (5 X 1077) for naive T cells, SDF-1a (5 X 108 M) for B cells, monocyte chemoattractant protein-3 (1 X 10~2 M) for monocytes, and IL-8 (1 X

10~2 M) for neutrophils.

Additionally, in vitro functional studies show that CTACK
attracts preferentially the skin-homing subset of memory T cells,
whereas it does not attract naive T cells, CLA™ T cells, B cells,
monocytes, or neutrophils. Together, these characteristics sug-
gest that this molecule may play a key role in the trafficking of
CLA™ T cells to skin.

The constitutive expression of CTACK by epidermal cells
suggests that CTACK may be involved in basal trafficking of T
cells through the skin during normal immune surveillance.
However, CTACK can be superinduced by the proinflammatory
cytokines TNF-« and IL-1B, which, together with the dramatic
up-regulation of vascular E-selectin, may recruit memory T cells
to the skin during cutaneous inflammation.

As discussed above, recruitment of T cells into the tissue
relies on a series of steps including rolling along the endothe-
lium, activation-dependent firm adhesion to the endothelium,
followed by diapedesis out of the vessel and microenviron-
mental localization within the tissue. The E-selectin* post-
capillary venules of the dermis are the dominant sites of T cell
extravasation in the skin. The close spatial apposition between
vessels in the papillary dermis and the epidermis suggests that
the release of CTACK by keratinocytes could influence the

14474 | www.pnas.org

influx of T cells into the skin as well as localization and
retention of T cells in the epidermis; however, the precise role
CTACK plays in recruiting memory T cells to the skin awaits
further investigation.

The unique activity of CTACK implies the existence of a
CTACK receptor potentially restricted to CLA* T cells. A panel
of transfected cells expressing the known chemokine receptors,
including CCR1- 9, CXCRI1, 3-5, and XCRI1, responded by
calcium flux or migration to their known ligands but failed to
respond to CTACK (data not shown), suggesting that CTACK
signals through a different chemokine receptor.

Taken together, these data suggest that CTACK may provide
a skin-specific signal involved in localization of CLA*™ memory
T cells to skin and provides a potential target to regulate
cutaneous T cell trafficking. These findings also support the
hypothesis that the nonrandom recirculation of subsets of mem-
ory T cells relies not only on restricted expression of specific
vascular adhesion molecules, but also on microenvironmentally
restricted activation signals, including chemokines.

Note Added in Proof. CTACK is the same chemokine reported as mouse
ALP (28). In addition, two other groups will report mouse CTACK; Gerry
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Graham and collaborators called this chemokine Eskine, and Osamu
Yoshie and collaborators will report it under the name ILC. A new
systematic chemokine ligand nomenclature has been proposed, and
CTACK will receive the designation CCL27. We suggest that future studies
call this chemokine by this new designation (CCL27).

We thank Jim Cupp for flow cytometry, Dan Gorman for sequencing
help, Terrill McClanahan for cDNA libraries, and Debra J. Gilbert for
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