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The location of leukocytes in different microenvironments is inti-
mately connected to their function and, in the case of leukocyte
precursors, to the executed differentiation and maturation pro-
gram. Leukocyte migration within lymphoid organs has been
shown to be mediated by constitutively expressed chemokines, but
how the bioavailability of these homeostatic chemokines is regu-
lated remains unknown. Here, we report in vivo evidence for the
role of a nonsignaling chemokine receptor in the migration of
leukocytes under physiological, i.e., noninflammatory, conditions.
We have studied the in vivo role of the silent chemokine receptor
CCX-CKR1 by both loss- and gain-of-function approaches. CCX-
CKR1 binds the constitutively expressed chemokines CC chemokine
ligand (CCL)19, CCL21, and CCL25. We find that CCX-CKR1 is in-
volved in the steady-state homing of CD11ctMHCIIMgh dendritic cells
to skin-draining lymph nodes, and it affects the homing of embry-
onic thymic precursors to the thymic anlage. These observations
indicate that the silent chemokine receptor CCX-CKR1, which is
exclusively expressed by stroma cells, but not hematopoietic cells
themselves, regulates homeostatic leukocyte migration by control-
ling the availability of chemokines in the extracellular space. This
finding adds another level of complexity to our understanding of
leukocyte homeostatic migration.

cell trafficking | homeostasis | lymphopoiesis | thymus

he field of chemokines and their receptors has attracted
much attention because the location of a hematopoietic cell
is intimately linked to its function, in the case of mature cells, and
the realization of its differentiation potential, in the case of
hematopoietic precursors (1). Upon ligand binding of the clas-
sical chemokine receptors, a signaling cascade is initiated that
causes a rapid increase of intracellular calcium resulting in
directed migration, degranulation, and angiogenesis. Chemo-
kines and their receptors can be categorized into so-called
“inflammatory” chemokines that regulate the migration of
leukocytes in response to an inflammatory challenge and “ho-
meostatic” chemokines that are constitutively expressed to
regulate the physiological migration of leukocytes and their
precursors under steady-state conditions (2-4). Chemokines
expressed in a given tissue are thought to confer directional cues
by forming concentration gradients. These gradients are thought
to positively induce the migration of immunocompetent cells
that express the appropriate receptors into the microenviron-
ment in which they are needed. Negative regulators of this
process are poorly understood. In the inflammatory situation,
proteases such as CD26/DPP IV have been proposed to mod-
ulate chemokine activity by either inactivating extracellular
chemokines or by affecting their binding affinities (5). Further-
more, the silent chemokine receptor D6, which binds several
inflammatory chemokines but fails to initiate the classical sig-
naling cascade, has been shown to be involved in the resolution
of postinflammatory skin lesions in vivo (6, 7). By contrast, an in
vivo role for negative regulators of the physiological migration of
cells within lymphoid organs has not been described.
Here, we investigated the in vivo role of the silent chemokine
receptor CCX-CKRI1. Silent chemokine receptors bind chemo-
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kines but are structurally incapable of signaling for migration (8,
9). Apart from CCX-CKRI1, two silent chemokine receptors
have been described, namely DARC (10) and D6 (11). In
contrast to CCX-CKR1, DARC and D6 bind chemokines that
are expressed only in response to inflammatory stimuli, indicat-
ing a distinct functional role of these receptors. By using gain-
and loss-of-function approaches, we show that CCX-CKRI1
modulates the physiological homing of dendritic cells (DCs) to
skin-draining lymph nodes and the immigration of thymic pre-
cursors to the embryonic thymic anlage.

Results

Murine CCX-CKR1 Binds the Homeostatic Chemokines CC Chemokine
Ligand (CCL)19, CCL21, and CCL25. To identify molecules that mediate
the directed migration of leukocytes, we screened EST databases
for chemokine receptor related sequences. We found a murine EST
(AI322657) with high homology to known chemokine receptors
and determined the full-length cDNA by RACE. The resulting
cDNA is most closely related to the bovine receptor PPR1 (12),
with 81% identity on the nucleotide level, and encodes a predicted
protein of 350 aa containing the DRY-motif characteristic for
chemokine receptors. Consistent with previous reports, which have
termed the encoded protein CCX-CKR1 (13, 14), we find that
murine CCX-CKR1 binds the murine chemokines CCL19, CCL21,
and CCL25, but not CXCL12, CCL17, or CCL22 (Fig. 1 A and B).
Intriguingly, none of the CCX-CKR1 binding chemokines induced
the typical rapid increase in intracellular calcium that is character-
istic for chemokine receptor signaling (Fig. 1C). Thus, CCX-CKR1
is a surface receptor that binds the homeostatic chemokines
CCL19, CCL21, and CCL25 but does not induce the classical
calcium response. Nonsignaling chemokine receptors, also termed
“silent” chemokine receptors, have been proposed to remove
chemokines from the extracellular space by internalizing receptor-
bound chemokines (8, 9). Consistent with this notion and a recent
report on the human receptor (15), HEK293 cells transfected with
murine CCX-CKR1 removed bound CCL19-Fc from the surface in
a time-dependent manner when warmed to 37°C (Fig. 1D). The
presented data therefore suggestd that CCX-CKR1 may control the
availability of homeostatic chemokines in vivo.

The Silent Chemokine Receptor CCX-CKR1 Is Not Expressed by Hema-
topoietic Cells. To investigate the in vivo role of CCX-CKR1 we
generated CCX-CKR1-EGFP knockin mice [supporting informa-
tion (SI) Fig. 5]. To this end, we replaced the N-terminal half of the
single coding exon (exon 4) of the CCX-CKR1 gene (14) in frame
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Fig. 1. CCX-CKR1 binds the chemokines CCL19, CCL21, and CCL25. (A)

CCX-CKR1-transfected HEK293 cells (dark line) bind a CCL19-Fc fusion protein.
Mock transfected HEK293 cells (filled gray population) were used as control.
(B) CCL19 (filled circles), CCL25 (filled squares), and CCL21 (filled triangles), but
not CXCL12 (open circles), CCL17 (open squares), or CCL22 (open triangles)
compete with CCL19-Fc for binding on CCX-CKR1 transfectants. (C) CCX-CKR1
does not induce an increase in intracellular calcium upon the addition of the
indicated chemokines. Chemokine receptor transfectants loaded with the
calcium-sensitive dye fura2-AM were exposed to the indicated chemokines,
and the ratio of relative fluorescence intensities was measured over time. (D)
(Left) CCX-CKR1 transfectants internalize CCL19-Fc in a time dependent man-
ner. CCX-CKR1-HEK293 cells incubated at 4°C with CCL19-Fc were either
warmed to 37°C (thick line) or not warmed (thin line) before cooling the cells
to4°Cand adding an anti-Fcsecondary reagent. To rule out the possibility that
incubation at 37°C by itself reduced receptor levels, CCX-CKR1-HEK293 cells
were warmed to 37°C in the absence of CCL19-Fc, cooled to 4°C, and stained
with CCL19-Fc (dashed line). (Right) The reduction of surface CCL19-Fc caused
by warming the cells (Left, thick line) relative to the amount of surface staining
without prior addition of ligand (Left, dotted line) is plotted over time.

by an EGFP cassette. To investigate the in vivo function of
CCX-CKR1, it was crucial to unequivocally determine the cell
type(s) that express this silent receptor because previous reports
had produced contradictory results (13, 14, 16). We therefore
analyzed heterozygous CCX-CKR1-EGFP knockin mice, which
are phenotypically indistinguishable from wild-type mice (see be-
low), for CCX-CKR1-driven EGFP (EGFPCCX-CKRI) expression.
We found that CCX-CKR1 is not expressed by hematopoietic cells.
No EGFPCCX-CKRI expression was detectable in hematopoietic
cells isolated from bone marrow, spleen, and lymph nodes by FACS.
We did, however, by confocal microscopy, find EGFPCCX-CKRI
expression in nonhematopoietic cells in thymus, intestine, lymph
node, and epidermis (Fig. 2), but not in heart, kidney, liver, spleen,
and brain. In the embryonic thymus, subcapsular EGFPCCX-CKRI
expression is detectable starting at embryonic day 13.5 (E13.5) (SI
Fig. 6). In the adult thymus, EGFPC“X-CKR1 js expressed exclusively
in perivascular thymic epithelial cells (TECs) of the corticomedul-
lary junction and the medulla and in the subcapsular epithelial
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Fig. 2. CCX-CKR1 is expressed in stromal but not hematopoietic cells in
thymus, intestine, lymph node and epidermis. (A-C) Sections from wild-type
mice were negative. (A-F) Overview images. (G-J) Higher magnifications of
images. For the thymus, EGFPCX-CKRT expression is shown for the subcapsular
zone (G) and the cortico-medullary junction (J). (Scale bars: in A-F, 200 um; in
G-J, 40 um.)

layers (Fig. 2 and SI Fig. 7). This expression pattern marks the
thymic niches that are thought to contain the most immature
precursor cells in the adult thymus. In the intestine, large tubular
structures in the submucosa, presumably lymph vessels, are marked
by EGFPCCX-CKRI expression. In lymph nodes draining the skin,
EGFPCCX-CRRI g found exclusively in stroma cells lining the
marginal sinus and in the skin, EGFPCCX-CKRL expression is re-
stricted to the epidermis (Fig. 2 and SI Fig. 8).

CCX-CKR1 Regulates Steady-State Homing of Dendritic Cells to Skin-
Draining Lymph Nodes. The lymph node marginal sinus collects
fluid and antigen-bearing cells from afferent lymphatics.
CD11¢"™MHCII"eh DCs in skin-draining lymph nodes are known
to enter lymph nodes by way of afferent lymph under steady-
state conditions through a largely CC chemokine receptor
(CCR)7-dependent process, whereas CD11¢*MHCIT'Y DCs
enter lymph nodes by way of the blood (17-20). The expression
of CCX-CKR1 in lymph node marginal sinus and epidermis
suggested that this silent chemokine receptor may be involved in
the homing of leukocytes that enter lymph nodes by way of the
afferent lymph. The analysis of DCs in skin-draining lymph
nodes showed that this is indeed the case. The microanatomy of
spleen and lymph nodes was found to be normal by hematoxylin/
eosin and immunohistochemical stains, and there was a trend to
lower total numbers of splenocytes and lymph node cells in
CCX-CKR1-deficient mice (SI Fig. 94 and data not shown).
Importantly, there was a significant reduction in the absolute
number of CD11c*MHCIIMg! DCs as well as in their relative
proportion among non-B and non-T cells isolated from skin-
draining lymph nodes (Fig. 34 and B and SI Fig. 9B). This
reduction affected both dermal and epidermal DCs in skin-
draining lymph nodes (SI Fig. 9C). In contrast, the number of
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Fig. 3. The absence of CCX-CKR1 impairs the steady-state homing of DCs
entering lymph nodes by way of afferent lymphatics but not the homing of
DCs entering by way of the blood. (A) Flow cytometric analysis of DCs in
skin-draining lymph nodes of wild-type and CCX-CKR1-deficient mice. Con-
tour plots are gated on B220-negative Thy1-negative cells. Gates are set to
distinguish CD11c*MHCIIMgh DCs that enter lymph nodes by way of afferent
lymphatics from CD11c*MHCII'*W DCs that enter by way of the blood. (B) The
steady-state number of CD11c*MHCIIMgh, but not CD11c*MHCII'®W DCs, in
skin-draining lymph nodes is reduced in CCX-CKR1-deficient mice. At least 10
7-week-old mice were analyzed per genotype. (C) Enumeration of
CD11c*MHCIINigh DCs isolated from dermal and epidermal sheets of individual
CCX-CKR1-deficient mice and wild-type littermates subjected to proteolytic
digestion. Each dot represents one mouse, and the bars indicate the mean. (D)
Epicutaneous application of FITC normalizes the numbers of CD11c*MHCIIhigh
DCs in CCX-CKR1-deficient mice. The number of CD11c*MHCIIMIMFITCH DCs
48 h after FITC treatment in six skin-draining lymph nodes per mouse was
determined. At least seven 7-week-old mice were analyzed per genotype. (E)
FACS analysis of wild-type (dashed line) and CCX-CKR1-deficient (thin line)
CD11c*MHCIINgh DCs 48 h after FITC treatment. Both histograms are gated on
CD11c*MHCIIMgh DCs as shown in A. Filled gray populations are CD11¢*MHClIhigh
DCs from a mouse 48 h after treatment with carrier alone (Left) and after FITC
treatment without the CD86 stain (Right). The thick line indicates the levels of
CD86 staining on CD11c*MHCIIMgh DCs without FITC treatment.
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blood-derived CD11¢c*MHCII®¥ DCs was normal in CCX-
CKRI1-deficient mice (Fig. 3B). This reduction in steady-state
CD11c*MHCIIMeh DC levels could have been caused by the
disturbed production and homing of DC precursors to the skin
or a general block of DC migration. But no evidence for these
possibilities was found. The number of CD11c*MHCIIMeh DCs
that could be isolated from epidermal sheets prepared from the
ears of individual mice by proteolytic digestion was normal when
comparing CCX-CKR1-deficient mice with their wild-type lit-
termates (Fig. 3C). For dermal DCs, a nonsignificant increase
(P = 0.08, two-sided ¢ test) was found in CCX-CKR1-deficient
mice, which may suggest that the steady-state migration of these
cells to the draining lymph nodes is disturbed, leading to
accumulation in the dermis (Fig. 3C). Consistently, there was no
obvious difference in the number and distribution of MHCII-
positive DCs in epidermal sheets of wild-type and CCX-CKR1-
deficient mice (SI Fig. 9D). Furthermore, a homing defect of
CD11c*MHCIIMeh DCs 48 h after the epicutaneous application
of the skin sensitizer FITC that causes the activation and
mobilization of skin-resident DCs (18-21) was not observed
(Fig. 3 D and E). Wild-type and CCX-CKR1-deficient
CD11c™MHCIIMe" DCs accumulated in skin-draining lymph
nodes to the same level, acquired the same amount of engulfed
FITC, and up-regulated the costimulatory molecule CD86 to
similar levels. These observations indicated that CCX-CKR1-
deficient CD11¢*MHCIIMgh DCs are present in the epidermis at
normal numbers and respond to activating stimuli like wild-type
cells. Determining CD11¢*MHCIIMeh DC numbers after FITC
treatment over time we found that FITC* wild-type and CCX-
CKRI1-deficient DCs disappeared from skin-draining lymph
nodes with the same kinetics (226 = 4 X 103 versus 223 = 9 X
10° DCs after 96 h). This finding ruled out the possibility that
CD11¢™MHCIIMeh DCs have a shorter half-life in CCX-CKR1-
deficient mice than in wild-type mice, which could explain the
reduction in the steady-state situation. We conclude that the
function of CCX-CKR1 is required to maintain normal numbers
of CD11c¢*MHCIIMeh DCs that enter lymph nodes by way of
afferent lymphatics under steady-state conditions. In contrast,
CCX-CKR1 function is dispensable for the homing of DCs that
enter peripheral lymph nodes by way of the blood. No effect was
seen on DC homing after FITC treatment, suggesting that DC
activation initiated additional homing mechanisms that compen-
sated for the lack of CCX-CKR1.

CCX-CKR1 Regulates the Migration of Thymic Precursor Cells in Vivo.
The CCX-CKRI1 expression pattern in the thymus suggested that
CCX-CKR1 may play a role in the migration of thymocyte
precursors or developing thymocytes. But, T cell development
was found to be unaffected in CCX-CKR1-deficient mice (SI
Fig. 10). To reveal the function of CCX-CKR1 in the thymus we
next opted for a gain-of-function approach. To this end we
generated mice that overexpress CCX-CKR1 specifically in
TEC:s. This was achieved by placing the full-length CCX-CKR1
cDNA under the control of a 27.9-kb Foxnl promoter fragment
for which we have shown that it leads to faithful expression of a
given cDNA in the Foxnl expression domain (22). In situ
hybridization of embryonic thymic anlagen showed that this was
also true for CCX-CKR1 overexpressed in Foxnl::CCX-CKR1
transgenic embryos (Fig. 44). CCX-CKR1 expression can be
detected in wild-type embryos at this stage by RT-PCR (SI Fig.
11), but the expression levels are apparently below the sensitivity
of in situ hybridization. Overexpression of CCX-CKR1 had no
effect on the expression levels of thymic chemokines (SI Fig. 11)
or on the expression pattern of CCL25 protein that is restricted
to the developing thymic anlagen (Fig. 4B).

The thymic anlage at E12.5 is not vascularized and hemato-
poietic precursors colonize the anlage from the surrounding
mesenchyme. We and others have found that hematopoietic

PNAS | May 15,2007 | vol. 104 | no.20 | 8423

IMMUNOLOGY


http://www.pnas.org/cgi/content/full/0608274104/DC1
http://www.pnas.org/cgi/content/full/0608274104/DC1
http://www.pnas.org/cgi/content/full/0608274104/DC1
http://www.pnas.org/cgi/content/full/0608274104/DC1
http://www.pnas.org/cgi/content/full/0608274104/DC1
http://www.pnas.org/cgi/content/full/0608274104/DC1

Lo L

P

1\

=y

A WT Foxn1:CCX-CKR1  C 0<0.01 £<0.001 D E
} o o
T 3 : i 8 oo Founder © 1600 Founder & 2 _
é o a1 #31 ﬁ 1400 #11 2 @50 8 RS
L Y Fasn 5 g 25
g 1400 S 1200 8 g 2 L4
> 1200 > 1000 5% )
£ £ R 22,
- - — o 1000 0 800 o g e §,
- . ; . : S 800 = 600 52 o £
e , . .,"':' 600 .,"';' c ; 20 SR 2
I~ 4 S S 400 sw S«
O 5 400 5 63 10 Fwt
i ‘ 2 200 2 200 (S 2
X E = [ i
(@) 3 o0 3 o0 ol w4l
O 3 wt Foxnt: Foxn1:: wr  Foxnt: wr _Foxnt:
ey . CCX-CKR1 CCX-CKR1 CCX-CKR1 CCX-CKR1
F 60000 G 3 H » 10
¥ £
x o + e 9
o 2 50000 e _ Q 4
L 8 o 3
~ E L = 7
= O 40000 ~92 c
%} =5 £ ~5
83 a8 )
o O 30000 [She] &=
5 5 =S X,
= 9@ G 9 8
L = 20000 c Q1 £ 3
= e =
ES 35 2 £
2 & 10000 gL =
[ ..g 1
o 0l E o ol
Foxn1:: Foxn1:: Foxn1::
Wi CCX-CKR1 CCX-CKR1 W CCX-CKR1
Fig. 4. Overexpression of CCX-CKR1 impairs homing of hematopoietic thymic precursors to the embryonic thymic anlage. (A) In situ hybridization of E13.5

thymic anlagen of wild-type and Foxn1::CCX-CKR1 transgenic littermates. Sections stained with sense probes remained negative. (Scale bar: 200 um.) (B)
Immunohistochemical staining of E13.5 thymic anlagen of a Foxn1::CCX-CKR1 transgenic mouse for CCL25 expression. Staining is restricted to the thymicanlagen
(circled in white) as in wild-type mice (our unpublished data). tr, trachea; oe, oesophagus. (Scale bar: 200 um.) (C) The number of CD45-positive hematopoietic
precursors that home to the E12.5 thymic anlage is reduced in Foxn1::CCX-CKR1 transgenic mice in comparison with wild-type littermates. (D) The fraction of
BrdU-positive thymocytes was determined in E14.5 wild-type and Foxn1::CCX-CKR1 transgenic littermates. (E) The fraction of annexin V-positive thymocytes was
determined in E14.5 littermates of the indicated genotypes. (F) The number of lineage marker-negative CD117-positive PIR-positive prethymic T lineage
precursors in the fetal liver was determined for E14.5 littermates by FACS. (G) The fraction of lineage marker-negative CD117-positive PIR-positive thymic
precursors was determined in the blood of E14.5 littermates by FACS. (H) Thymocyte numbers are normal in newborn Foxn1::CCX-CKR1 transgenic mice. (D-H)
At least eight offspring of Foxn1::CCX-CKR1 founder no. 11 were analyzed per genotype.

precursors do not enter the thymic anlage of nude mice that lack
the expression of CCL21 and CCL25 (23, 24). More recent data
point at the combination of CCR7 and CCR9 and their ligands
that regulate the immigration of hematopoietic precursors to the
embryonic thymic anlage before vascularization (25). We there-
fore hypothesized that overexpression of CCX-CKR1, which
binds the ligands of both CCR7 and CCRY, should impair the
colonization of the embryonic thymic anlage by hematopoietic
precursors if CCX-CKR1 had a role in homeostatic leukocyte
migration. We attempted to quantify the amount of bioavailable
CCL25 that is secreted from microdissected thymic anlagen by
ELISA but found bioavailable CCL25 to be below the level of
detection even when several anlagen were pooled. But signifi-
cantly reduced numbers of hematopoietic precursors in the
E12.5 thymic anlage were indeed observed in the two transgenic
lines that were analyzed (Fig. 4C). This observation suggested
that CCX-CKR1 regulates the homing of hematopoietic precur-
sors to the avascular embryonic thymic anlage. To rule out the
possibility that CCX-CKR1 overexpression inhibited the prolif-
eration of thymic precursors or caused their premature death, we
analyzed embryonic thymocytes of wild-type and
Foxnl::CCX-CKR1 mice for BrdU incorporation and annexin V
staining (Fig. 4 D and E). No significant difference was found.
Reduced numbers of thymic precursors could also be explained
if thymic precursors failed to be generated in the fetal liver.
Staining for prethymic T lineage precursors in fetal liver and
blood (26) revealed that these were present in
Foxn1::CCX-CKRI1 transgenic mice at wild-type levels showing
that overexpression of CCX-CKR1 did not hamper their pro-
duction (Fig. 4 F and G). Furthermore, the hematopoietic cells
entering the E12.5 thymic anlage of Foxnl::CCX-CKRI1 trans-
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genic mice are T lineage precursors (SI Fig. 11) ruling out the
possibility that CCX-CKR1 overexpression leads to the aberrant
homing of a precursor lacking T cell lineage potential. In
contrast to the embryonic stages (SI Fig. 11), thymocyte num-
bers in newborn transgenic mice reached normal levels (Fig. 4H),
indicating that overexpression of CCX-CKR1 showed no effect
in later stages of thymus development. Consistently, T cell
development in adult Foxn1::CCX-CKR1 transgenic mice was
found to be normal (our unpublished data), showing that thymic
precursors develop normally in a thymus overexpressing CCX-
CKRI1. Thus, overexpression of CCX-CKR1 impairs the physi-
ological immigration of embryonic precursors into the E12.5
thymic anlage.

Discussion

We report in vivo evidence for the role of a nonsignaling
chemokine receptor in the migration of leukocytes under phys-
iological, i.e., noninflammatory, conditions. In vitro analyses
demonstrated that CCX-CKR1 binds the constitutively ex-
pressed chemokines CCL19, CCL21, and CCL25 without signs
of chemokine receptor signaling. We find that the lack of
CCX-CKR1 impairs the steady-state homing of DCs to lymph
nodes by way of afferent lymphatics but not the homing of DCs
that enter by way of the blood. Furthermore, overexpression of
CCX-CKR1 affects the homing of embryonic thymic precursors
to the thymic anlage. These observations demonstrate a role for
the silent chemokine receptor CCX-CKR1 in leukocyte homing.
CCX-CKR1 is exclusively expressed by stroma cells, but not
hematopoietic cells themselves, and regulates homeostatic leu-
kocyte migration presumably by controlling the availability of
chemokines in the extracellular space. These findings add an-
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other level of complexity to our understanding of leukocyte
homeostatic migration.

Chemokines and their receptors can be categorized into
so-called inflammatory chemokines that regulate the migration
of leukocytes in response to an inflammatory challenge and
homeostatic chemokines that are constitutively expressed to
regulate the physiological migration of leukocytes and their
precursors under steady-state conditions (2). This distinction
also applies to silent chemokine receptors as the binding prop-
erties of the inflammatory silent receptors DARC and D6 do not
overlap with that of CCX-CKR1, the only known silent chemo-
kine receptor that binds constitutively expressed chemokines.
Silent chemokine receptors have been proposed to internalize
and degrade bioavailable chemokines from the extracellular
space (8, 9, 15, 27). This notion is based on in vitro studies using
receptor transfected cell lines and should therefore be consid-
ered with caution. Although there is no doubt that silent
receptors bind the chemokines in question, the kinetics with
which the receptor is internalized and bound chemokine is
separated from the receptor and possibly degraded will likely
depend on the transfected cell line. Internalization of seven-
transmembrane receptors is regulated by a plethora of down-
stream components, and it remains an open question whether in
vitro findings can be extrapolated to the behavior of DARC on
vascular endothelial cells, D6 on endothelial cells of lymphatic
vessels, and CCX-CKR1 on TECs and stroma cells lining the
lymph node marginal sinus. Other possibilities have to be
considered. There are data that implicate DARC in the trans-
cytosis of chemokines through endothelial cells (9, 28), and
instead of degrading chemokines, silent chemokine receptors
may indeed concentrate and present bound chemokines in
specific microenvironments. Immunohistochemical analyses of
the CCL25 expression pattern in CCX-CKR1-deficient and
wild-type mice has so far not revealed discernible differences
(our unpublished data), and further work will be required to
quantify bioavailable chemokine levels in distinct microenviron-
ments to elucidate the biochemical basis for the observed in vivo
effects. This project is complex in itself because it is still unclear
how chemokine receptors on leukocytes follow directional cues
within lymphoid organs in vivo. Although expression of chemo-
kine mRNA is restricted to distinct thymic microenvironments
(23), chemokine protein shows a much broader expression
pattern (ref. 29 and our unpublished data), making it difficult to
envisage how chemokine concentration gradients function as
directional cues. Methodology will have to be developed that
allows the quantification of the bioavailable amount of free
chemokine in the extracellular space.

The expression pattern of CCX-CKR1 in the thymus is
particularly striking. CCX-CKR1 expression is restricted to
TECs ensheathing the blood vessels of the medulla, the cortico-
medullary junction, and to subcapsular zone TECs. This expres-
sion pattern overlaps but is not identical with the location of type
I epithelium that has been classified on the basis of ultrastruc-
tural analyses (30-32), because type I epithelial cells ensheathing
cortical blood vessels are CCX-CKR1-negative. CCX-CKR1
marks the thymic niche to which hematopoietic precursors are
recruited from the blood. The niche that contains the earliest
hematopoietic precursors to the thymus remains morphologi-
cally poorly defined. The expression pattern revealed by the
CCX-CKR1-EGFP knockin and the functional demonstration
that CCX-CKR1 affects embryonic precursor homing suggests
that adult thymic precursors home to and specify within a thymic
microenvironment formed by CCX-CKR1-positive TECs.

Materials and Methods

Chemokine Receptor Transfectants. Chemokine receptor transfec-
tants were generated by cloning the coding sequences of CCRY,
CCR?7, and CCX-CKR1 into pcDNA3 and stably transfecting
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HEK?293 cells by using standard methodology. For chemokine
competition experiments, 5 X 10* CCX-CKR1-HEK293 cells
were incubated with the indicated concentrations of chemokines
(R & D Systems, Minneapolis, MN) at 4°C for 20 min followed
by staining with CCL19-Fc and a phycoerythrin-labeled anti-
human IgG secondary reagent (Jackson ImmunoResearch, West
Grove, PA). For calcium measurements, chemokine receptor
transfectants were loaded with fura2-AM (Molecular Probes,
Eugene, OR) and exposed to the indicated chemokines in a LS
50B photometer equipped with a filter wheel (PerkinElmer,
Boston, MA). Ligand internalization was measured by incubat-
ing CCX-CKR1-HEK?293 cells in the presence of CCL19-Fc for
15 min at 4°C, warming the cells for 15 min to 37°C followed by
cooling to 4°C and visualization of surface CCL19 by anti-human
IgG staining. The amount of bound ligand in the absence of
ongoing internalization was determined by staining CCX-CKR1-
HEK293 cells without warming to 37°C. To rule out the possi-
bility that warming the transfectants reduces the amount of
surface binding, CCX-CKR1-HEK293 cells were incubated in
the absence of CCL19-Fc at 37°C for 15 min, cooled to 4°C, and
stained with CCL19-Fc and secondary reagent.

Mice. A CCX-CKR1 genomic clone from a 129/Sv] BAC library
(Genome Systems, St. Louis, MO) was used to determine the
genomic structure of the mouse CCX-CKR1 gene. For the
targeting vector, 578 bp of coding sequence corresponding to
nucleotides 45-622 of the mRNA (AF306532) contained in the
major CCX-CKR1 coding exon was replaced in frame by an
EGFP together with a neomycin resistance cassette. The 5" and
3’ flanking arms comprised 1.2 kb and 7 kb of genomic sequence,
respectively. Kpnl-linearized construct was electroporated into
the CCR9-targeted R1 ES cell clone 20/3 (33). Specific integra-
tion was confirmed by Southern blotting. Multiple integrations
were excluded by Southern blot analysis by using an internal
probe. Targeted ES cell clones were injected into C57BL/6
blastocysts and chimeric mice crossed onto C57BL/6 background
to separate CCR9-targeted and CCX-CKRI1-targeted alleles.
Mice were kept under specific pathogen-free conditions in the
mouse facility of the Max Planck Institute for Immunobiology.
Experimentation and animal care was in accordance with the
guidelines of the Max Planck Institute for Immunobiology.
Genotyping was done on genomic DNA from tail biopsies by
PCR using the following primers: P1, 5'-TAGGATTTAGT-
GACTAAGAGC-3"; P2, 5'-CACACACAGCAACAGAT-
GATCC-3'; and P3, 5'-TGAACTTGTGGCCGTTTACGTC-
3’. For the generation of Foxnl::CCX-CKRI1 transgenic mice,
the CCX-CKR1 cDNA including positions 46-1,104 of the
mRNA (AF306532) were cloned downstream of the Foxnl
promoter as described in ref. 22. Linearized construct was
injected into FVB pronuclei according to standard protocols.
Transgenic Foxnl::CCX-CKR1 founders were crossed with C57/
Bl6 mice and genotyped by PCR using the following primers: P1,
5'- GGCAAACAACAGATGGCCTCG-3'; and P2, 5'-ATG-
GCCGCCATCTTGCTGAGC-3'. Unless stated otherwise, age-
matched 3- to 6-week-old mice were used for experiments.

In Situ Hybridization and Immunohistochemistry. I situ hybridiza-
tion was carried out as described in ref. 23. Immunohistochem-
istry was done as described in ref. 34. EGFP was detected on
sections as described in ref. 35. Endothelial cells were stained by
intravenously injecting 50 ug of biotin-labeled tomato lectin
(Vector Laboratories, Burlingame, CA), euthanizing the mouse
10 min later and visualizing the label by using streptavidin-Cy3
(Jackson ImmunoResearch). Sections were visualized on a Leica
(Heidelberg, Germany) TCS SP2 confocal microscope system or
on a Zeiss (Jena, Germany) Axio Imager.Z1. Epidermal sheets
were prepared as described in ref. 36. Lymph nodes and ear
sheets were minced and stirred in 10 ml of RPMI medium 1640,
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2% FCS, and 20 mM Hepes for 10 min. Tissue fragments were
digested for 15 min at 30°C in RPMI medium 1640, 2% FCS, 20
mM Hepes, 0.2 mg/ml collagenase IV (Worthington Biochemi-
cals, Lakewood, NJ), and 25 ug/ml DNase (MP Biomedicals,
Aurora, OH) and subsequently for 25 min at 30°C in RPMI
medium 1640, 2% FCS, 20 mM Hepes, 0.2 mg/ml collagenase IV,
25 pg/ml DNase, and 0.2 mg/ml dispase I (Roche, Mannheim,
Germany) in a shaking water bath. Free cells were removed after
each digestion step for counting by FACS.

Enumeration of Embryonic Thymic Precursors. E12.5 thymic anlagen
were microdissected, dissociated, stained, and the number of
lineage-negative (B220, Terl19, Gr-1, CD11b, CDS8, CD4)
CD45-positive hematopoietic precursors per embryo was deter-
mined by FACS.

FACS Analysis. FACS analyses were carried out as described in ref.
34. CCL19-Fc was a gift of S. Krautwald and U. Kunzendorf
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(both at University of Kiel, Kiel, Germany). The BrdU incor-
poration experiments and annexin V stainings were carried out
as described in refs. 22 and 33.

FITC Sensitization. FITC was applied to the shaved skin of mice in
0.4 ml of a 2% FITC (Sigma, St. Louis, MO) solution in a 1:1
(vol/vol) mixture of acetone/dibutyl phthalate. Control mice
received carrier only. Lymphocytes and DCs were purified,
counted, and stained for FACS analysis 48 h later from six
skin-draining lymph nodes per mouse (two brachial, two axillary,
and two inguinal) by pressing the lymph nodes through a 70-um
mesh cell strainer (BD Falcon, Bedford, MA). Contour plots are
gated on Thyl-negative B220-negative cells.
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